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Temporal lobe epilepsy (TLE) is the most common type of epilepsy in adult humans, 
which is characterized clinically by the progressive development of spontaneous 
recurrent seizures (SRS) from temporal lobe foci (Engel, 1989). TLE is also 
characterized pathologically by unique morphological alterations in the hippocampus 
and the dentate gyrus. The most frequently observed alteration is massive neuronal 
loss in the hilus of the dentate gyrus and in the CA1 and CA3 areas of the 
hippocampus (Engel, 1989; Lothman and Bertram, 1993; Ben-Ari and Cossart, 2000). 
Consistent with neuroplasticity after the neuronal loss in the hippocampus, axon 
reorganization is often found in the dentate gyrus  such as “mossy fiber sprouting”, 
which describes the growth of aberrant collaterals of granule cell axons into the inner 
molecular layer of the dentate gyrus (Sutula et al., 1989; Houser et al., 1990; Babb et 
al., 1991; Isokawa et al., 1993). Thus, the dentate gyrus has attracted the attention of 
epilepsy researchers. 
In last a few decases, some hypotheses and concepts on the role of the dentate gyrus 
in epileptogenesis were proposed. Based on the neuropathological changes of the 
dentate gyrus stated above, ‘mossy fibre sprouting hypothesis’, ‘dormant basket cell 
hypothesis’ and ‘irritable mossy cell hypothesis’ (Sloviter, 1987, 1991; Santhakumar 
et al., 2000; Ratzliff et al., 2002; Sloviter et al., 2003) from kindling, kainic acid or 
brain trauma models, have been proposed.  However, controversies still exist in 
these hypotheses of epilepsy on the role of the dentate gyrus in epileptogenesis. Due 
to variations of neuropathological changes, each of them has its limitations, such as 
neglection of differently changed traditional tri-synaptic neural pathway in human 




context. Therefore, those hypotheses probably failed to explain how different possible 
mechanisms in the dentate gyrus may be altered in a manner that leads to temporal 
lobe epilepsy. 
The Commission on Classification and Terminology of the International League 
Against Epilepsy (ILAE) has established mesial temporal lobe epilepsy with 
hippocampal sclerosis (MTLE-HS) as one subtype of temporal lobe epilepsy with 
associated clinical observations, treatment and an increased occurrence of drug 
resistance (ILAE Commission Report, 2004) but the mechanism of epileptogenesis of 
MTLE-HS remains unclear. By some clinical studies, different mechanisms of 
epileptogenesis are suggested to involve in epileptic attacks in patients with 
MTLE-HS in different pathological severities. 
 
Many experimental studies on the different epileptogenesis have been done in animal 
models of TLE, but most of the previous studies observed pathological changes only 
in one segment instead of the entire hippocampus despite that might not applicable to 
other septotemporal levels. In contrast to most of the previous studies that had focused 
only on one septotemporal level and drew conclusion from this level, the present 
study systmetically investigated the comprehensive patterns of neuronal loss at 
different septotemporal levels of the hippocampus. It is illustrated that two types of 
pathological changes occur in experimental mice at 2 months after pilocarpine 
induced status epilepticus according to the neuronal loss pattern in the dentate gyrus 
and CA3 area of hippocampus. Type 1 showed partial neuronal loss in CA3 area in 
the entire hippocampus, whereas Type 2 had almost complete neuronal loss in the 
temporal part of the dorsal hippocampus, and partial neuronal loss in CA3 area in the 




In both types, neuronal loss in the hilus of the dentate gyrus is drastic, but in Type 2, 
granule cells showed obvious dispersion.  
 
Because of plasticity of neuronal system, the neuronal connections of the dentate 
gyrus are probably reorganized differently in the hippocampus with Type 1 and Type 
2 neuronal loss described above. To demonstrate reorganized connections of the 
dentate gyrus, anterograde and retrograde tracing techniques and related double 
labeling methods were employed. Furthermore, confocal microscopy and transmission 
electron microscopy were used wherever necessary. 
The associational/commissural fibers in the dentate gyrus have been shown to have 
important role in controlling its exciatory and/or inhibitory state. The net effect of 
activation of associational / commissural projections is predominantly inhibitory and 
therefore, the main function of the associational / commissural system may be to 
prevent longitudinal spread of excitation in the dentate gyrus (Buzsa´ki and Eidelberg, 
1981; Douglas et al., 1983; Steward et al., 1990). Neuronal loss in the hilus of the 
dentate gyrus may be associated with decreased associational / commissural 
connections involved in epileptogenesis. In the present study, two subtypes neuronal 
loss in the hilus of the ventral dentate gyrus were shown above and the significant 
difference in associational / commissural innervations were found in mice with the 
two subtypes of neuronal loss. The calretinin immunohistochemical and retrograde 
tracer studies showed the preservation of the associational / commissural projections 
from the ventral dentate gyrus in the entire hippocampus in mice with Type 1 
neuronal loss. However, such projections almost disappeared in mice with Type 2 




Due to the possible distinct excitatory / inhibitory balance contributed by the 
differently reorganized associational / commissural projection from the dentate gyrus 
in the two subtypes, the dorsal dentate gyrus in mice with Type 2 neuronal loss may 
be more hyperactive than that in those mice with Type 1 neuronal loss due to the 
drastically reduced lateral inhibition. Furthermore, due to its large innervation range, 
the associational / commissural projection is a possible candidate for transmission of 
abnormal discharge among different hippocampal segments. 
 
Neuronal loss in CA3 area of the hippocampus is one of the hallmarks of 
neuropathologic changes in patients with temporal lobe epilepsy. However, few 
studies have been done to explain why recurrent seizures still occur spontaneously 
after the traditional trisynaptic neural pathway is interrupted. In the present study, in 
mice with Type 1 neuronal loss when CA3 neurons were partially lost, lamellar 
innervations from the dentate gyrus to CA3 area were remained. However, the 
lamellar innervations were reorganized in mice with Type 2 neuronal loss. The 
systematic tracer study at different hippocampal levels showed the existence of the 
mossy fiber projections in CA3 area, but the anterior-posterior (along the longitudinal 
axis of the hippocampus) spans of the termination areas were changed. 
In mice with Type 2 neuronal loss, although CA3 pyramidal neurons almost 
disappeared, mossy fibers remained. Electron microscopic study showed the loss of 
typical huge mossy fiber terminals which were observed in the control mice. The 
remaining small axon terminals established axoaxonic contacts in gliotic CA3 area. 
Contacts between PHA-L immunopositive axon terminals and boutons with surviving 





Another novel finding of the present study is direct projection from the dentate gyrus 
to the gliotic CA1 area in lamellar distribution and found in both dorsal and ventral 
hippocampus. In the gliotic CA1 area, sprouted PHA-L immunopositive axon 
terminals and boutons were found. Furthermore, the contacts between PHA-L 
immunopositive axon terminals and boutons with surviving CB, CR, and PV 
immunopositive neurons were observed. These newly- established pathways may play 
a role in feed-forward inhibition of surviving principal neurons in CA1 area at 2 
months after PISE.  
 
The present study showed that the outputs from the dentate gyrus of epileptic animals 
were reorganized. The projections of mossy fibers with small axon terminals and 
boutons did not disappear in gliotic CA3 area. Furthermore, sprouted mossy fibers 
also projected to gliotic CA1 area in mice with both subtypes of neuronal loss. It 
therefore suggests that in the coronal plane of the gliotic hippocampus, surviving 
neurons in CA3 and CA1 areas may serve as a bridge to link the dentate gyrus to the 
subiculum, whereas in the longitudinal axis, pathological changes of associational / 
commissural connections may play some roles to integrate or dissociate the activity of 
the ventral hippocampus to or with the dorsal hippocampus, especially the septal part, 
where less neuronal loss occurs in CA3 and CA1 areas. Such two-dimensional 
changes of hippocampal connection may be involved in epileptogenesis in temporal 
lobe epilepsy. 
 
To correlate neuropathological changes to the severity of epileptic attacks, Teletry 
study was done using both long-term EEG monitoring and video recording (24 hours 




neuronal loss and the frequency of the epileptic attacks was observed.  It suggests 
that frequency may not be an idea parameter to represent electrophysiological 
characteristics of epilepsy. It remains to be elucidated whether the existence of two 
different patterns of neuronal loss in the present study is linked to two types of 
dynamic interactions between the hippocampus, amygdala, and entorhinal cortex. 
Furthermore, mice with Type 1 neuronal loss have a higher ratio of SRS occurrence 
day to the total recording days than those with Type 2 neuronal loss. Further study is 
needed to explain why the severity of neuronal loss is negatively linked to the ratio of 
SRS occurrence day to the total recording days. 
 
Overall, the present study showed detailed cytoarchitectonic changes of the entire 
hippocampus and axon reorganization of neurons in the dentate gyrus. The 
classification of the subtypes of epileptic animals according to their hippocampal 
pathology may provide neuroanatomical basis for understanding the mechanism of 
epileptogenesis which may provide evidence for more tailored therapeutic approaches. 
The findings of reorganised pathways in different parts of the hippocampus such as 
the dentate gyrus, CA3, and CA1 areas may shed light on the mechanism of 
epileptogenesis originated from gliotic hippocampus, and for correlating different 
































Chapter 1: Introduction 
 
Introduction 
1. 1. Neuroanatomy of the dentate gyrus 
The dentate gyrus (DG) is a sub-region of the hippocampal formation (HIP). Because the 
principal cell layer receives its inputs in laminar distribution and its connections are 
unidirectional, DG is regarded as a model for various facets of research in modern 
neurobiology. The projections called the perforant pathway from the entorhinal cortex 
(EC) are the main input to DG. However, DG has no direct reciprocal projection back to 
EC. (Amaral et al, 2007; Amaral and Lavenex, 2007) 
In the dentate gyrus, the molecular layer (ML) is a relatively cell-free layer, inhabited by 
the dendrites of the granule cells (GC) and afferents of DG. There are also some 
interneurons in ML. The granule cell layer (GCL) is made up of densely packed principal 
cells and pyramidal basket cells. The third layer of DG is the hilus enclosed by two blades 
of GCL. There are many mossy cells and interneurons in the hilus. The longitudinal axis 
of DG is typically called the septotemporal axis as it extends from the septal nuclei to the 
temporal cortex. The axis perpendicular to the septotemporal axis is denominated as the 
transverse axis. GCL located between CA3c and CA1 areas is called as the 
suprapyramidal blade, whereas the other half below pyramidal layer of CA3c area is 
named as the infrapyramidal blade. The region bridging these two blades is called the 






Chapter 1: Introduction 
1. 1. 1. Major cell types in the dentate gyrus 
1. 1. 1. 1. The granule cells (GC) 
The principal cells of DG are granule cells. They have elliptical somas with a width of 
10μm and a height of 18μm in the rat (Claiborne et al., 1990). Cell bodies of GC are 
tightly packed and no glial sheath is interposed between cells in most cases. Cone-shaped 
dendrite tree at apical side is a characteristic of GC in DG. The total length of dendrite 
trees of GC in the suprapyramidal blade is larger than that of GC of the infrapyramidal 
blade (3500μm vs. 2800μm, respectively, in rat). As demonstrated by Desmond and Levy 
(1985), spine density of GC dendrite was different in the two DG blades, i.e., 1.6 
spine/μm in the suprapyramidal blade while 1.3 spine/μm in the infrapyramidal blade. 
Thus, number of spines would be around 5600 on the suprapyramidal GC and 3640 on 
the infrapyramidal cell. Since all the excitatory inputs to GCs are on these dendrite spines, 
the above may reflect total excitatory inputs received by GC of DG, regardless of their 
origins.  
 
The total number of GC at one side DG in the rat is ~1.2x106 (West et al., 1991; Rapp 
and Gallagher, 1996). It has been widely accepted that neurogenesis in the DG exists in 
adulthood and it is influenced by environmental factors. However, stereological studies 
also demonstrated that the total number of GC does not change during adulthood (Rapp 
and Gallagher, 1996). At different septotemporal levels, the density of GC in GCL and 
the ratio of GC to pyramidal cells in CA3 areas changes (Gaarskjaer, 1978b). The density 
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pyramidal cells shows a reverse trend, showing a ratio of GC to CA3 pyramidal cells as 
about12:1 at septal part of the hippocampal formation and a ratio as to 2:3 at the temporal 
pole. While the synapse number of mossy fibers is roughly the same along the 
septotemporal axis, its main receiver—the CA3 pyramidal cells, have much lower 
probability to be innervated by septal than temporal part of GC (Freund and Buzsaki, 
1996; Gloor, 1997; Amaral et al., 2007) 
 
Mossy fibers are unmyelinated axons which originated from GC. Distinctly large boutons 
in the mossy fibers form the en passant synapses with hilar neurons and pyramidal cells 
in CA3 area. Each mossy fiber gives rise to about 7 collaterals in the hilus (Claiborne et 
al., 1986). They form two types of synapses in the hilus: smaller spherical synapses (with 
diameter of about 2μm) with dendrites, and larger irregularly-shaped synapse (with 
diameter of 3–5μm located at the end of the collaterals) with the proximal dendrites of 
mossy cells, the basal dendrites of the DG basket cells, and other unidentified neurons 
(Ribak et al., 1985). The synapses formed between mossy fibers and basket cells are 
much more than those formed between mossy fibers and mossy cells (Gloor, 1997; 
Acsady et al., 1998; Amaral et al; 2007). 
 
 
In normal rodents, mossy fibers are rarely observed in ML, they are occasionally found in 
GCL to innervate the apical dendrite shaft of the basket cells. In CA3 area, mossy fibers 
are mainly located in the stratum lucidum. In CA3c area, mossy fibers can be observed 
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supra-, intra- and infra-pyramidal bundles respectively. Topographically, GC from the 
suprapyramidal blade of DG innervate the most superficial part of the stratum lucidum by 
the suprapyramidal bundle, GC from the crest of DG give rise to the intrapyramidal 
bundle, whereas those from the infrapyramidal blade enter the basal part of the stratum 
lucidum by infrapyramidal bundle (Gaarskjaer, 1981; Claiborne et al., 1986). 
 
Projections of the mossy fibers from DG to CA3 area are almost “perpendicular” to the 
septotemporal axis of the hippocampal formation. In each transverse section, mossy 
fibers from GC go through full extent of the stratum lucidum in CA3 area at 
corresponding septotemporal level. It is proved by Golgi studies (Lorente de No′, 1934) 
and degeneration track tracing method (Blackstad et al., 1970). However, in the distal 
part of CA3 (CA3a), the mossy fibers turn to project in longitudinal direction (Lorente de 
No′, 1934; McLardy and Kilmer, 1970). But the extent travelled by the mossy fiber in the 
longitudinal direction varies at different septotemporal levels of the hippocampal 
formation. At septal levels, the mossy fibers go through the stratum lucidum in the 
corresponding transverse section, then suddenly turn to temporal direction and travel for 
about 2mm when reaching the CA3/CA2 border. But at the middle to temporal levels, the 
mossy fibers just travel to temporal part for a short distance. Furthermore, at the most 
temporal level, mossy fibers seldom go to the CA3/CA2 border and show little 
longitudinal travelling (Swanson et al., 1978; Acsady et al. 1998). The physiological 
implication of the longitudinal travelling of the mossy fibers remained unclear but it may 
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is innervated by GC in DG at other transverse section along the septotemporal axis so as 
to integrate trans-sectional activity in the hippocampal formation. 
 
Typical asymmetric contact between the mossy fibers and thorny excrescences may 
suggest that glutamate is a primary neurotransmitter of GC. But the mossy fibers also 
show immunoreactivity for some neuromodulators such as dynophin, and even for 
inhibitory neurotransmitter like GABA (Walker et al., 2002). 
 
1. 1. 1. 2. The mossy cells 
The mossy cells gain its name from a classical Golgi study by Amaral (1978). They are 
probably the same type of cells as “modified pyramids” by Lorente de No′. The soma is 
triangular or multipolar and has a diameter of about 30μm. The “mossy” in its name 
comes from a distinctive characteristic of its proximal dendrites with huge and complex 
spines, while peduncular spines are found in distal dendrites. These spines are also called 
thorny excrescences which receive innervations from the mossy fibers. The dendrites of 
the mossy cell are located in the hilus, and occasionally also protrude to GCL and ML, 
they may bifurcate once or twice along the courses and giving off some branches (Amaral, 
1978). 
 
Mossy cells project mainly to the inner third of ML and account for the main afferent to 
the layer (Laurberg and Sorensen, 1981; Frotscher, 1991; Buckmaster, 1992 and 1996; 
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GABAergic interneurons (Scharfman, 1995), and therefore form a “feedback” connection 
since they are mainly innervated by granule cells. Mossy cells are glutamate 
immunopositive cells (Soriano and Frotscher, 1994). Electrophysiological evidence also 
indicates an excitatory innervation from the mossy cell to GC (Scharfman, 1994). 
 
These projections from the mossy cells contribute to majority of 
associational/commissural connections of DG, which is crucial for functional integrations 
between DG segments at different septotemporal levels. Hilar interneurons also 
contribute to the associational/commissural connections of DG (Ribak et al., 1986).  
1. 1. 1. 3. The pyramidal basket cells 
The pyramidal basket cells, located at the border between the hilus and GCL, have 
pyramidal soma which is larger than GC (25-35μm v.s. 10–18μm, in diameter) (Ribak et 
al., 1978; Ribak and Seress, 1983). Together with other inhibitory neurons, the basket 
cells contribute to dense axon plexuses surrounding soma of GC. These contacts are 
symmetric synapses on the soma and also dendrite shafts of GC and axon terminals are 
GABA immunopositive. In the rat, the septotemporal span of axon plexuses from a single 
basket cell extends up to about 1.5mm. The axon plexuses in the transverse direction 
from the basket cell travels for more than 900µm. In other words, the single basket cell is 
able to contact to about 10,000 GC via its axon plexuses, which contribute to 1% of the 
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The pyramidal basket cells have a single principal apical dendrite and a few basal 
dendrites. The former is aspiny and goes superficially into ML, while the later projects to 
the hilus (Ramon y Cajal, 1893). The ratio of the basket cells to GC at respective 
transverse DG segment varies along either the septotemporal axis or the transverse axis 
(Seress and Pokorny, 1981).  
 
1. 1. 1. 4. Other interneurons of the dentate gyrus 
Most of the interneurons in DG give rise to collaterals to join the basket plexus 
surrounding the soma and the proximal dendrites of GC. Occasionally, they form 
synapses with the beginning segment of axon from GC. Most of the collaterals are 
GABA immunopositive and form symmetrical synapse (Freund and Buzsaki, 1996; 
Gloor, 1997).  
 
According to their distributions and connections, at least two different types of 
interneurons could be identified in ML of DG. The first type has a soma in triangular or 
multipolar shape and aspiny dendrites, is located deep in ML. Its axon collaterals extend 
to the outer two thirds of ML and form a dense axon plexus there. According to Han et al 
(1993), this type of interneurons is named as molecular layer perforant path-associated 
cell (MOPP). The second type of interneuron resembles the chandelier cell in the 
neocortex. They are GABAergic, give rise to axons to form symmetric synapses on the 
initial segments of axons from GC in a ratio as much as 1:1000 (Soriano and Frotscher, 
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One group of interneurons in the hilus of the dentate gyrus is hilar perforant path-
associated cell (HIPP cell). These multipolar cells were firstly reported by Amaral (1978) 
and distinctly characterized by their long spines while most types of the interneuron have 
aspiny dendrites. They project to the outer two-thirds of ML and form symmetric synapse 
with the distal dendrites of GC. Another distinctive feature of the HIPP cells is the distant 
distribution and copious innervation of their axon plexus, extending to about 35% of the 
whole septotemporal length of DG. Many of the HIPP cells are both GABA and 
somatostatin immunopositive. These somatostatin immunopositive HIPP cells constitute 
about 16% of GABA immunopositive cells in DG. Interestingly, the topographical axon 
distribution along the septotemporal axis of the GABA/somatostatin immunopositive 
HIPP cells compensates the associational/commissural innervation of the mossy cells. 
The compensatory distribution topography of axons from the GABA/somatostatin 
immunopositive HIPP cells and mossy cells indicates the two types of cells may balance 
the excitatory and inhibitory activity of DG (Morrison, 1982; Bakst, 1986; Freund and 
Buzsaki, 1996; Sik., 1997; Boyett and Buckmaster, 2001; Amaral, 2007) 
 
Another group of interneurons in the hilus of the dentate gyrus is the hilar commissural-
associational pathway related cells (HICAP cells). These cells have triangular or 
multipolar soma and aspiny dendrites, and project to the inner third of ML (Freund and 
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Calcium-binding proteins are proteins that participate in calcium signalling pathways by 
binding to Ca2+. Intracellular storage and release of Ca2+ from the sarcoplasmic reticulum 
is associated with the high-capacity, low-affinity calcium-binding proteins. With their 
role in signal transduction, calcium-binding proteins contribute to all aspects of the cell's 
functioning, from homeostasis to learning and memory (Hof, 1999; Baimbridge, 1992). 
The decrease and/or loss of CBPs expression in DG may contribute to impaired calcium 
binding ability of DG and associate with changed function of calcium-dependent enzyme 
and ion channels (Kohr, 1993, 1994; Miller, 1983). Among the Calcium-binding protein 
immunopositive neurons (CBPs), Calbindin, Calretinin, and Parvalbumin 
immunopositive cells are of our special interest due to their possible roles in 
epileptogenesis. 
 
Calbindin D28k (CB) is a member of a large family of intracellular calcium-binding 
proteins, containing EF-hand calcium binding motifs, and related to calmodulin and 
troponin-C. The biological roles of Calbindin D28k include calcium regulation and 
calcium-dependent signalling in neurons and during development. Decreases in Calbindin 
D28k abundance, or loss of Calbindin D28k immunoreactivity, is found in DG of 
epileptic models (Baimbridge, 1985; Miller, 1983). The lacking of CB expression in GC 
may lead to hyperexcitablity of DG (Magloczky, 1997).  Calretinin (CR) is a 29 kDa 
calcium binding protein that is expressed in central and peripheral nervous system and in 
many normal and pathological tissues. Changed expression of CR has been found in 
epileptic conditions (Blumcke, 1999, 1996). Fate of the CR immunopositive cell in the 
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Vliet, 2004). Parvalbumin (PV) is a calcium binding protein expressed in specific muscle 
fibers and fast-firing neurons. PV consists of a single, unbranched chain of linked amino 
acids and belongs to a larger group of EF hand proteins. PV is expressed in a specific 
population of GABAergic interneurones which are thought to play a role in maintaining 
the balance between excitation and inhibition in the cortex as well as in the hippocampus 
(Heizmann, 1984). Loss of PV immunoreactivity has been found in hippocampus of 
epileptic patients and may be correlated with epileptogenesis (Zhu, 1997; DeFelipe, 1999; 
Sloviter, 1991a). And its changed level was considered to associate with epileptogenesis 
and seizure activities (Arida, 2007; Hwang, 2007). 
 
1. 1. 2. Associational/commissural connections of the dentate gyrus 
Using retrograde labelling with horseradish peroxidase (HRP), Seroogy et al. (1983) 
showed different electron microscopic features for two types of labelled commissural 
neurons. The first type was consisted of cells with somata that exhibited round or oval 
nuclei with no intranuclear inclusions and had exclusively symmetric synapses on their 
somata. The main dendrites of those neurons were thick and tapering. This type had 
features that resembled the morphology of mossy cells. A subsequent study using 
combined retrograde transport of HRP with Golgi/electron microscopy (EM) confirmed 
this finding (Frotscher, 1992). The second type of neurons had infolded nuclei containing 
intranuclear rods or sheets, displayed both symmetric and asymmetric synapses on its 
soma and had dendrites that were less thick and generally aspinous. This type of neurons 
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associated with GABAergic inhibition. Another line of evidence supported the possibility 
that GABAergic neurons had commissural projections. In a quantitative study of 
GABAergic neurons in the hilus of the dentate gyrus, Seress and Ribak (1983) showed 
that 60% of the hilar neurons are GAD-positive. Because previous studies indicated that 
80% of hilar neurons give rise to associational and commissural pathways, many 
GABAergic neurons in the hilus were suggested to be projection neurons, and a 
subsequent combined tracer and immunofluorescence study showed several double-
labelled GABAergic neurons in the hilus of the dentate gyrus contralateral to the 
injection site (Ribak et al., 1986). Similar results were also made by Han et al. (1993) and 
Sik et al. (1997).  
Associational/commissural fibers in the dentate gyrus have been shown to terminate in 
different layers of the DG (Deller et al., 1995, 1996a, 1996c; Deller et al., 1998). The 
fibers projected to the inner molecular layer are mainly from mossy cells in the hilus of 
the dentate gyrus (Blackstad, 1956; Zimmer, 1971; Swanson et al., 1981; Laurberg and 
Sorensen, 1981; Ribak et al., 1986; Frotscher et al., 1991), and establish synaptic 
connections with granule cells and interneurons (probably basket cells). The effect of 
activation of this system may be a mixture of direct excitation of granule cells and 
feedforward inhibition of the same neurons. There is some evidence that the net effect is 
predominantly inhibitory and that the main function of this system may be to prevent 
longitudinal spread of excitation in the dentate gyrus (Buzsa´ki and Eidelberg, 1981; 
Douglas et al., 1983; Steward et al., 1990). It has also been shown that activation of 
mossy cells inhibits contralateral granule cell activity (Buzsa´ki and Eidelberg, 1982; 
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The longitudinal or rostrocaudal distribution of the associational / commissural 
projections of the dentate gyrus in animals is still in debate as studies in different species 
or strains of animals using different tracing techniques have produced varieties of results. 
For instance, in the rat, Fricke and Cowan (1978) illustrated labelled commissural and 
associational afferents in the caudal third of the dentate gyrus after injections of 3H-
proline into the temporal part, and in the rostral half of the dentate gyrus when injection 
was made in the septal part. On the other hand, extensive labelling of the commissural 
and associational afferents throughout the rostral two-thirds of the dentate gyrus was 
found when 3H-proline was injected into the middle third of the hippocampus. The 
associational/commissural projection from any particular septotemporal point in the 
dentate gyrus was shown to innervate as much as 75% of the dentate gyrus in its long 
axis (Amaral and Witter, 1989). By intracellular injection of biocytin, Buckmaster e t al. 
(1996) observed that axons from mossy cells extended through an average of 57% (53-
61%) of the total septotemporal length of the hippocampus from the dentate gyrus of 
dorsal hippocampus. However, Sik e al. (1997) showed that axon collaterals of HIPP and 
HICAP neurons covered virtually the entire septo-temporal extent of the dorsal dentate 
gyrus. In the monkey, labelled commissural and associational afferents distributed 
throughout the longitudinal extent of the dentate gyrus after injection of radiolabeled 
amino acid, an anterograde tracer, into the uncal part of the hippocampus (Rosene and 
van Hoesen, 1987). Whereas, associational/commissural fibers from GABA/somatostatin 
immunopositive interneurons in the dentate gyrus spreaded in a shorter distance along the 
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Sloviter, 2001). They play a role in the lateral inhibition via mossy cell mediated feed-
forward inhibition.  
 
1. 1. 3. Afferent of the dentate gyrus 
1. 1. 3. 1. Afferent from the entorhinal cortex 
Most of afferent of DG are from spiny stellate cells in layer II of the entorhinal cortex 
(EC) through perforant pathway. Axon terminals from EC establish asymmetric synapses 
with dendrite spines of GC in the outer two-thirds of ML (Steward and Scoville, 1976; 
Deller, 1996) and with dendritic shafts of some GABAergic interneurons (Nafstad, 1967; 
Hjorth-Simonsen and Jeune, 1972). The perforant pathway can be further divided into the 
lateral and medial perforant pathways according to the origins of fibers. The projections 
from the lateral EC (lateral perforant pathway) innervate the outer one third of ML, and 
those from the medial EC (medical perforant pathway) terminate in the middle one third 
of ML.  
1. 1. 3. 2. Afferent from the septal nuclei 
The septal nuclei are the major subcoritcal inputs to DG. The medial septal nucleus (MS) 
and the nucleus of the diagonal band of Broca (DBB) are the main origins of the septal 
projections. The hilus of DG is the main termination area of the MS-DBB projections. 
MS-DBB also projects to ML (Mosko, 1973; Swanson, 1978; Amaral and Kurz, 1985).  
The fibers from MS and DBB are cholinergic (30-50% in MS and 50-75% in DBB) and 
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Axons from septal nuclei also innervate interneurons and mossy cells in DG. It has also 
been shown that some GABA immunopositive fibers from MS and DBB form 
symmetrical synapses with GABA immunopositive neurons in the hilus of DG (Luebke 
et al., 1997).  
 
1. 1. 3. 3. Afferent from the supramammillary and other hypothalamic nuclei 
The hypothalamic projections to DG are mainly originated from the supramammillary 
nucleus (SuM), which capping the medial mammillary nucleus, and axon terminals from 
SuM establish synaptic contact with hilar neurons and the proximal dendrites of GC. 
These innervations are especially dense in a narrow band superficial to GCL (Wyss, 1979; 
Dent, 1983; Vertes, 1993; Magloczky et al., 1994; Kiss, 2000). Glutamatergic 
immunoreactivity can be found in the projections together with calretinin and substance P 
(Borhegyi and Leranth, 1997). 
 
1. 1. 3. 4. Afferent from the brainstem 
Three nuclei from the brainstem project to DG. Fibers from the nucleus locus coeruleus 
(LC) terminate in the hilus of DG, and they are noradrenergic. Dopaminergic fibers from 
the ventral tegmental area (VTA) also diffusely innervate hilar neurons. However, 
serotonergic fibers from the medial and dorsal raphe nuclei mainly control GABAergic 
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Halaris, 1975; Swanson and Hartman, 1975; Kohler and Steinbusch, 1982; Loughlin et al., 
1986; Vertes et al., 1999).  
1. 2. The dentate gyrus and epileptogenesis 
Temporal lobe epilepsy (TLE) is the most common epilepsy found in human adults, 
named for its ictal origin/foci at the temporal lobe (Engel, 1989). The patients of TLE 
usually experience initial insult (e.g. status epilepticus) in early life, a seizure-free stage 
called “latent period” of months to years, followed by progressive development of 
spontaneous recurrent seizures (SRS) (Engel, 1989; Lothman and Bertram, 1993). The 
most significant pathological features of TLE are neuronal loss in CA1 and CA3 areas, 
and in the hilus of DG of the hippocampus (Engel, 1989; Lothman and Bertram, 1993; 
Ben-Ari and Cossart, 2000). Axon rewiring is also a typical pathology in DG of TLE 
patients. Mossy fiber sprouting into the inner molecular layer of DG is a pathological 
hallmark of TLE (Sutula et al., 1989; Houser et al., 1990; Babb et al., 1991; Isokawa et al., 
1993). For the last three decades, a wealth of studies has been done to elucidate the roles 
which the dentate gyrus may play in epileptogenesis, and many hypotheses have been 
proposed.  
1. 2. 1. Filtering and gating properties of the dentate gyrus 
The perforant pathway from the entorhinal cortex to DG is the first stage of the classic 
tri-synaptic hippocampal circuit, and this synapse to the granule cells is generally 
believed to be relatively resistant to transmission of activity into CA3 (i.e., the dentate 





Chapter 1: Introduction 
gyrus is often thought to impede the propagation of normal electrical activity and seizures 
into hippocampus, and when this gating property fails, the dentate may allow propagation 
of activity into other structures that are projection targets from the hippocampus 
(Heinemann et al., 1992; Lothman et al., 1992; Stringer and Lothman, 1992). There is 
evidence that the ‘‘gate’’ function of the dentate gyrus may operate in an ‘‘all or none’’ 
fashion, as implied by the observation of ‘‘maximal dentate activation’’ associated with 
propagation of epileptiform activity. One basis for the ‘‘gate’’ concept is the relatively 
high threshold for excitation of the dentate. According to this concept, reduction in the 
‘‘gate’’ function of the dentate gyrus could be an epileptogenic mechanism that would 
promote increased excitability (i.e., hyperexcitability) of granule cells to perforant path 
stimuli, transforming synchronous excitatory postsynaptic potentials (EPSPs) with 
superimposed action potentials into a large burst of action potentials. This mechanism 
could apply to synaptic inputs that include interictal spikes and actual seizures. Thus, it 
has been considered that the ‘‘gate’’ to the hippocampus normally restricts or blocks 
epileptiform activity. While this ‘‘gating’’ property may restrict epileptiform activity, the 
parallel pathway from the entorhinal cortex projecting directly to the CA3 and CA1 areas 
may still transmit discharges into the hippocampus regardless of the properties of the 
dentate gyrus. Other studies suggest that the dentate gyrus can serve as a filter whereby 
activity is blocked from entering the dentate under some conditions but not others (Iijima 
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1. 2. 2. Repeated activation of the dentate gyrus can promote propagation of seizures 
into the hippocampus 
The high seizure threshold of the normal dentate gyrus becomes dramatically reduced 
after it has experienced a few electrically induced afterdischarges (i.e., maximal dentate 
activation), and so the dentate appears to be highly sensitive to previous electrical activity 
(Heinemann et al., 1992; Lothman et al., 1992; Stringer and Lothman, 1992). Even a 
single afterdischarge in the dentate gyrus increases synaptic transmission for periods of as 
long as 3 months, and induction of long-term potentiation increases susceptibility to 
evoked network activity and afterdischarges (Sutula and Steward, 1986, 1987; Sayin et 
al., 1999). 
 
These forms of network plasticity occur over a relatively short time frame and are 
therefore unlikely to account for chronic epileptogenesis, but relatively long-lasting 
alterations could promote network synchronization in the dentate gyrus and hippocampal 
pathways. The potential role of the dentate in modulating, reducing, or filtering some 
forms of electrical activity and possibly single seizures would be degraded by activity-
dependent enhancement of synaptic transmission in granule cells, by allowing more 
propagation of clusters of seizures into the hippocampus proper. Therefore, although 
some forms of entorhinal cortical activity can normally bypass the dentate gyrus during 
propagation into the hippocampus, it remains possible that the altered ability of repetitive 
seizures or seizure clusters to spread into the hippocampus after maximal dentate 
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1. 3. Relationship among patterns of hippocampal neuronal loss, severity of epileptic 
attacks and responsiveness to anti-epileptic drugs in the temporal lobe epilepsy 
(TLE): correlation between neuroanatomical classification and epileptogenesis 
Hippocampus sclerosis (HS) is defined as a loss of nerve cells in the hippocampus which 
is accompanied by fibrous gliosis and eventually by shrinkage and atrophy of 
hippocampus. However, the dentate gyrus often shows resistance to the sclerosis despite 
that the nerve cell loss varies from case to case. In patients with TLE, three types of 
hippocampal neuronal loss have been identified so far, i.e., classical HS (loss of neurons 
in CA1, CA3, and in the hilus of the dentate gyrus), total HS (only some granule cells 
remain), and end folium sclerosis (loss of neurons in the hilus). In early study of 249 
cases by Margerison and Coresellis (1966), it was found that 122 patients (49.3 per cent) 
had a sclerotic Ammon’s horn. Of these patients, 107 cases (43 per cent) had only 
Ammon's horn sclerosis (AHS) in the resected temporal lobe, and 15 from the 18 patients 
had double pathological changes. In the AHS patients, 57 per cent of patients had a 
classical AHS, 39 per cent had a total AHS, and 4 per cent had an end folium sclerosis.  
 
It has been proposed that in the mesial temporal lobe epilepsy with hippocampal sclerosis 
(MTLE-HS), the zones with mesial temporal cell loss are linked to zones of 
epileptogenicity (Babb et al., 1984). This is supported by clinical observation that 
neurosurgical removal of the anterior temporal lobe (or anterior temporal lobectomy; 
ATL) benefits MTLE-HS patients principally when the sclerotic focus is in the anterior 
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posterior axis of the hippocampus. Different forms of electrographic seizures have been 
noted in MTLE-HS patients (Bartolomei et al., 2004; Bragin et al., 2005), however, their 
neuroanatomical basis, i.e., the link between different forms of electrographic seizures 
with different patterns of neuronal damage or axon reorganization is still not clear. 
Intracranial recording in this group of patients showed two types of dynamic interactions 
between the hippocampus, amygdale, and entorhinal cortex (Bartolomei, 2004). In "Type 
1 transition", the emergence of pre-ictal spiking was followed by a rapid discharge; 
whereas in "Type 2 transition", no prior spiking occurs before rapid discharge onset. 
“Type 1 transition” was characterized by interactions that uniformly involved the three 
structures, whereas “Type 2 transition” was associated with interactions between the 
entorhinal cortex and hippocampus. And analysis of coupling direction demonstrated that 
the hippocampus was always the leader in “Type 1 transition” whereas in “Type 2 
transition”, the entorhinal cortex was most often the leading structure. It suggests that 
there may be two different mechanisms of epileptogenesis in the neuronal networks of 
MTLE-HS patients. Vossler et al. (2004) observed that location of seizure onset was 
related to the degree of hippocampal pathology, i.e., low-grade HS was associated with 
initial ictal discharges in both hippocampus and temporal cortex, and high-grade HS was 
associated with initial ictal discharges restricted to the hippocampus. It remained to be 
elucidated whether the existence of different patterns of hippocampal sclerosis are linked 
to the two types of dynamic interactions between the hippocampus, amygdale, and 
entorhinal cortex.  
In animal models of TLE, different patterns of hippocampal neuronal loss have also been 
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2003; Nairismägi, 2004; Ma et al., 2006; Volk, 2006). However, there seems no direct 
link between the patterns of hippocampal neuronal loss and severity of epileptic attacks 
(Pitkanen, 2002; Nairismägi, 2004). Interestingly, Volk (2006) found that the severity of 
neuronal loss in the hippocampus was closely linked to the responsiveness of the animals 
to anti-epileptic drugs, i.e., the more the hippocampal neuronal loss was, the less the 
animals responded to anti-epileptic drugs.  
Further study by long-term EEG and video monitoring is still needed to establish the 
relationship between pathological changes of hippocampus and severity of onset of 
epilepsy. 
 
1. 4. Hypotheses of epileptogenesis for temporal lobe epilepsy (TLE) 
1. 4. 1. Animal models of temporal lobe epilepsy 
Currently, status epilepticus (SE) induced by pilocarpine or kainic acid, and kindling 
models have been widely used to examine the processes of epileptogenesis.  
1. 4. 1. 1. Kindling model  
Kindling induces a progressive decrease in the threshold for induction of afterdischarges 
to daily electrical stimulations of the amygdala or other limbic structures. The animals 
develop a chronic irreversible state where low-intensity stimuli trigger prolonged 
afterdischarges and seizures. Kindling initially induces low-level apoptosis in the hilus 
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the hilus, but also in CA3 and CA1areas in a pattern resembling human hippocampal 
sclerosis (Cavazos et al., 1994). Kindling also induces mossy fiber sprouting. Timm 
staining in ML progressively increases over many months with prolonged kindling 
(Cavazos et al., 1991), although the density of staining in the inner molecular layer is 
generally less than that in SE models. 
 
1. 4. 1. 2. SE model 
Kainic acid (i.e., kainate; Ben-Ari, 1985; Nadler, 1991) and pilocarpine (Turski et al., 
1983) are the most commonly used chemotoxins for induction of status epilepticus, 
Repetitive electrical stimulation of certain limbic structures can also induce SE (e.g., 
Lothman et al., 1990). SE causes extensive neuronal loss in different brain regions 
include the hilus of the dentate gyrus, CA3 and CA1 areas of the hippocampus, amygdale, 
entorhinal cortex, piriform cortex etc. Mossy fiber sprouting, gliosis, learning and 
memory impairment also occur after status epilepticus.  
1. 4. 2. Hypotheses of epileptogenesis from previous studies 
1. 4. 2. 1. The “dormant basket cell” hypothesis 
Loss of hilar neurons occurs in the dentate gyrus of hippocampus from patients with and 
in animal models of TLE. Although certain vulnerable GABAergic interneurons are lost, 
many other GABAergic neurons remain after a repetitive stimulation to the perforant path 
that causes ‘‘hyperexcitability’’ of dentate granule cells (Sloviter, 1987, 1991). Based on 
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hypothesis. It assumed that loss of mossy cells which normally excite GABAergic 
interneurons in the hilus of the dentate gyrus may result in the hypoactivity of the latter 
(dormant), and lead to the hyperexcitabilty of granule cells and subsequent epilepsy. 
 
This hypothesis, however, is based on the relatively acute effects of repetitive 
extracellular stimulation (i.e., after hours and a few days), when chronic epileptic seizures 
either do not occur or are quite rare. Furthermore, nearly all of the electrophysiological 
data presented in support of this hypothesis involve in vivo paired-pulse experiments with 
extracellular stimulation and recording techniques using a range of interpulse intervals 
and repetitive stimulation frequencies (Sloviter, 1987; Sloviter et al., 2003) that are 
difficult to interpret and are generated by complicated physiological processes at many 
other cellular sites and levels (e.g., the perforant path-to-granule cell synapse; GABA-A 
receptors, chloride ion homeostasis, etc). 
 
Based on a series of experiments using hippocampal slices from animals with chronic 
epilepsy, Bernard et al. (1998) and Esclapez et al. (1999) have provided several lines of 
evidence that basket cells are not ‘‘dormant’’ in TLE. In addition, studies on miniature 
and spontaneous inhibitory postsynaptic currents (mIPSCs and sIPSCs) of dentate 
granule cells from the kainate model provide evidence that interneurons are 
spontaneously active even when ionotropic glutamatergic receptors are blocked. When in 
vitro electrophysiological experiments were conducted on hippocampal slices after the 
pharmacological blockade of ionotropic glutamatergic receptors to isolate mIPSCs and 
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cells at less than 1 week or more than 3 months (i.e., from chronically epileptic rats) after 
kainite induced SE was not significantly different from controls, and was much higher 
than when the slices were bathed in tetrodotoxin to block sodium-mediated action 
potentials and isolate mIPSCs. The observation that blocking action potentials with 
tetrodotoxin greatly reduced the frequency of IPSCs (i.e., the frequency of sIPSCs was 
much higher than mIPSCs) in all groups indicates that the interneurons that project to 
granule cells in kainate-treated rats (and controls) are clearly not ‘‘dormant’’ (i.e., they 
are spontaneously active) either <1 week or >3 months (i.e., from chronically epileptic 
rats) after kainate-induced SE, even when recorded in isolated slices where GABAergic 
inhibitory circuits are intact and bathed in pharmacological agents that block 
glutamatergic EPSCs (Shao and Dudek, 2005). It seems the “dormant basket cell” 
hypothesis may need to be re-evaluated despite that Sloviter has revised the hypothesis 
(Sloviter, 2003)  
 
1. 4. 2. 2. Loss of interneurons and its association with hyperexcitability  
Another generally accepted hypothesis is that loss of hilar interneurons induces 
hyperactivity of granule cells. Early studies in a variety of hippocampal and cortical areas 
using various immunohistochemical and in situ hybridization techniques have shown that 
some GABAergic interneurons are lost in TLE (Sloviter, 1987; Obenaus et al., 1993; 
Buckmaster and Dudek, 1997; Gorter et al., 2001). Immunohistochemical data and silver 
stainings after forebrain ischemia have shown that selectively vulnerable neurons, 
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focusing on immunohistochemical techniques, identified several different types of 
GABAergic interneurons that were damaged after traumatic brain injury. 
 
These histopathological alterations in interneuron populations may contribute to the 
hyperexcitability often seen shortly after experimental SE and other brain insults 
(Lowenstein et al., 1992). Several laboratories have used high-resolution whole-cell 
recordings of mIPSCs in CA1 pyramidal neurons to test more directly the hypothesis of 
epileptogenesis induced by loss of interneurons (Wierenga and Wadman, 1999; 
Kobayashi and Buckmaster, 2003; Shao and Dudek, 2005), and they have found that the 
frequency of mIPSCs is reduced in these models, which is consistent with 
neuroanatomical study showing a loss of inhibitory GABAergic terminals (i.e., death of 
GABAergic interneurons) in TLE. Similar data have also been reported in lateral fluid 
percussion injury model (Toth et al., 1997). The advantage of this approach is that it is 
independent of the complexities and uncertainties of extracellular stimulation within a 
multisynaptic circuit. Several other mechanisms including SE-induced changes of 
chloride distribution and GABA-A receptor (Kapur et al., 1999), however, may 
hypothetically be responsible for or contribute to the hyperactive responses to 
extracellular stimulation within days after experimental SE.  
 
In contrast to the lack of evidence to support ‘‘dormant basket cell’’ hypothesis,  
evidence from several animal models strongly suggests that epileptogenesis is associated 
with a modest but measurable reduction in inhibition to dentate granule cells associated 
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(and also in CA1). Histopathological data show that specific GABAergic interneurons in 
the hilus are lost in animal models of TLE, and several lines of electrophysiological 
evidence, including intracellular analyses of postsynaptic currents, support this 
hypothesis. In particular, whole-cell recordings have demonstrated a reduction in the 
frequency of miniature inhibitory postsynaptic currents in the dentate gyrus, which 
provides relatively specific evidence for a reduction in GABAergic input to granule cells. 
These studies support the viewpoint that modest alterations in GABAergic inhibition can 
have significant functional impact in the dentate gyrus, and suggest that dynamic activity-
dependent mechanisms of GABAergic regulation add complexity to this local synaptic 
circuitry and to analyses of epileptogenesis. 
 
1. 5. Hypotheses and aims of the present study 
Based on the loss of hilar neurons, mossy fiber sprouting and other neuropathological 
changes of the dentate gyrus, three hypotheses on epileptogenesis, i.e. ‘mossy fiber 
sprouting hypothesis’, ‘dormant basket cell hypothesis’ and ‘irritable mossy cell 
hypothesis’ (Sloviter, 1987, 1991; Santhakumar et al., 2000; Ratzliff et al., 2002; Sloviter 
et al., 2003) from kindling, kainic acid or brain trauma models, have been proposed. 
However, each of them has its limitations due to variations of neuropathological changes, 
and therefore, may not be applicable to human MTLE. In kindling model, the traditional 
tri-synaptic neural pathway may be intact. In many patients of mesial temporal lobe 
epilepsy (MTLE), the tri-synaptic pathway is interrupted due to loss of pyramidal 
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dentate gyrus via a sclerotic CA3 and ⁄ or CA1 region to other brain regions unless 
neurons in the dentate gyrus have established synaptic connections with remaining 
neurons in the two areas directly or indirectly. 
 
In sclerotic hippocampus of MTLE, the neuronal network of the dentate gyrus may be 
reorganized differently due to the differences in the patterns of neuronal loss along the 
septotemporal axis of the hippocampus. Subsequent physiological and/or 
pathophysiological changes may also occur. We therefore hypothesized that reorganized 
connections of the dentate gyrus may be involved in epileptogenesis in temporal lobe 
epilepsy. 
 
The aims of the present study in the mouse pilocarpine model of TLE included: 1) 
systemic investigation of the patterns of neuronal loss at different septotemporal levels of 
the hippocampus, as most of the previous studies had focused only on one septotemporal 
level, and the conclusion made from one level might not be applicable to other 
septotemporal levels; 2) demonstration of reorganized associational / commissural 
connections of the dentate gyrus in different septotemporal levels; 3) study of the 
reorganization of the mossy fibers with special reference to those in CA1 and CA3 areas 
at different septotemporal levels of the hippocampus as the three hypotheses on 
epileptogenesis had focused only on the dentate gyrus per se, and could not explain when 
its downstream target, i.e., CA3 neurons disappeared, how did hyperactive granule cells 
pass their excitability to other brain regions; 4) establishment of the relationship between 
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calcium-binding protein immunopositive interneurons due to their possible roles in 
epileptogenesis; 5) establishment of the relationship between neuropathological changes 
and the severity of epileptic attacks monitored by long-term EEG telemetry and video 
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2.1. Pilocarpine Treatment 
2.1.1. Animals 
Male Swiss Albino mice weighing 25-30 gm from the Centre for Animal Resource, 
National University of Singapore were used in this study. Animals were housed under 
environmentally controlled conditions (7 a.m. / 7 p.m. light/dark cycle, 22-24 Celsius 
degree) and given free access to food and water. It was at least 1 week of habituation to 
the colony conditions before any experiment. All experiments were approved by the Tan 
Tock Seng Hospital – National Neuroscience Institute Institutional Animal Care, Use 
Committee. In the handling and care of all animals, the guidelines for animal research of 
the NIH were strictly followed. Efforts were made throughout the study to minimize 
animal suffering and to use the minimum number of animals.  
2.1.2. Materials 
Methyl-scopolamine nitrate (Sigma, St. Louis, MO, USA) 
Pilocarpine (Sigma, St. Louis, MO, USA) 
Saline: 0.9% Sodium Chloride in H2O (Fluka, Milwaukee, WI, USA) 
2.1.3. Procedure 
Pilocarpine treatment was done according to our previous studies (Tang et al., 2001a, b; 
2004a, b; 2005; 2006). Itraperitoneal saline injection and pilocarpine injection were done 
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of pilocarpine at 300 mg/kg. A single subcutaneous injection of methyl-scopolamine 
nitrate (l mg/kg) was given 30 min before pilocarpine following injection to limit 
peripheral cholinergic toxic effects (Cavalheiro et al., 1991, 1996) in both the 
experimental and the control groups. 
Acute behavioral features of induced seizures were observed after pilocarpine injection. 
In brief, pilocarpine treatment induced the following behavioral changes: akinesia, facial 
automatisms, seizures consisting of forelimb clonus with rearing, salivation, masticatory 
jaw movements, and falling. The induced animals experienced the acute status epilepticus 
for at least 4 hrs.  
 
2.2. Iontophoretical injection of phaseolus vulgaris leucoagglutinin (PHA-L) or 
cholera toxin subunit B (CTB) 
2.2.1. Principle 
By means of the iontophoretic delivery method, minute quantities of tracers can be 
applied to the immediate neighbourhood of single nerve cell. According to Faraday's law 
the rate of release from the electrode is proportional to the intensity of current: from this 
it follows that the current can be used as a measure of dosage. It is very difficult to trace 
axonal trajectories precisely and in discriminating axonal from terminal labeling. Ideal 
tracing technique should label more completely and directly the axons and various 
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tracing method is extremely sensitive and provides a solid Golgi-like labeling of single 
axons, their ramifications, varicose fibers and terminal swellings. Lectins are plant 
proteins that are known to bind with various degrees of specificity to certain surface 
glycoproteins or glycolipids of neurons. This property undoubtedly facilitates the uptake 
and transport of injected lectins or lectin conjugates, and contributes to the demonstrated 
sensitivity of such compounds as neuroanatomical tracers. An estimate for PHA-L 
anterograde transport is about 4-6 mm/day. This lectin is able to fill entire neurons at the 
injection site during or immediately after injection. The population of filled neurons does 
not appear to change between 15 min. and 14 days.  Thus PHA-L allows detecting with 
certainty even quite sparse connections stably.  
The injection sites are very small and there appears to be virtually no uptake of label at 
the injection site by fibers of passage, and, at least in mammals, little retrograde transport 
occurs. There is usually a zone of diffusion of the tracer around the filled neurons. This 
zone appears to increase with survival time but does not appear to contribute to the 
labelling of filled axons or their terminals. The zone of diffusion should not be confused 
with the effective injection site. 
Cholera toxin from Vibrio cholerae is comprised of two subunits, A and B, arranged in an 
AB5 configuration. The A subunit is an ADP-ribosyltransferase, which disrupts the 
proper signaling of G proteins and eventually leads to dehydration of the cell. The 
nontoxic B subunit is important to the protein complex as it allows the protein to bind to 
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11.4 kDa B subunit exists as a 57 kDa pentamer. The B subunit of cholera toxin (CTB) 
has proven to be a powerful tool for retrograde labelling of neurons. 
2.2.2. Materials 
PHA-L (Vector Labs, Burlingame, CA, USA)  
CTB (Cholera toxin subunit B, List Biological Laboratories, Campbell, CA, USA) 
Glass micropipette (A-M system, Calsborg, WA, USA) 
Chloral hydrate (Merck, Darmstadt, Germany) 
Midgard precision current source (Stoelting Co, Wood Dale, IL, USA) 
Stereotexic apparatus (Stoelting, Wood Dale, IL, USA) 
Paraformaldehyde (Sigma, St. Louis, MO, USA) 
Picric acid (Sigma, St. Louis, MO, USA) 
Sucrose (Sigma, St. Louis, MO, USA) 
Cryostat (Carl Zeiss, Goettingen, Germany) 
2.2.3. Procedure 
One hundred and twenty-nine mice (38 for the control and 91 for experimental at 2 
months after pilocarpine induced status epilepticus) were used for this study. Sixty six 
(20 control and 46 experimental) and 63 (18 control and 45 experimental) mice were 
iontophoretically injected with PHA-L or CTB into middle 1/3 part of the hilus and the 
stratum granulosum of the dentate gyrus in order to demonstrate the reorganized 
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anaesthetized with chloral hydrate and placed in a Stoelting stereotaxic apparatus. A 
small hole was drilled in the skull above the injection site and a glass micropipette (with a 
diameter of 20-30µm) containing a 2.5% solution of PHA-L in 0.1M phosphate buffered 
saline (PBS, pH: 7.4) was lowered into the hilus and granule cell layer of the dentate 
gyrus according to the coordinates from the Mouse Brain in Sterotaxic Coordinates 
(Paxinos and Franklin, 2001) (refer to Table 1). During process of lowing down glass 
micropipette, the retaining model of Midgard intophoretic precision current source was 
activated to provide weak inverted charge to avoid leakage of tracer in the pipette track. 
After positioning the pipette in the area of interest it was connected to the positive 
electrode of a Midgard constant current source. PHA-L or CTB was delivered 
iontophoretically with positive current (5µA: 7 seconds on, 7 seconds off) for 10-15 
minutes. Six to 8 days after PHA-L delivery, animals were deeply anaesthetized, and 
perfused transcardially with 10 ml of saline, followed by 100 ml of 4% paraformaldehyde 
and 0.2% picric acid in 0.1M phosphate buffer (PB, pH 7.4) for 30 minutes. After 
overnight cryoproection in 30% sucrose solution, frozen coronal sections at 40µm 
thickness were cut in a cryostat. Serial sections of each brain samples were transferred to 
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2.3. PHA-L or CTB single immunocytochemistry and Cresyl violet acetate (CVA) 
counterstaining 
2.3.1. Principle 
Immunohistochemistry (IHC) refers to a method to localize specific antigens in tissue 
based on the principle of antibody binding specifically to antigen in biological tissues. 
Specific molecular markers are characteristic of particular cellular components or events. 
A satisfactory signal-to-noise ratio is necessary to sharply localize target components in 
tissue. Sensitive detection systems visualizing the antibody-antigen interaction have been 
created such as the enzyme-labeled system (for light microscope) which can catalyze a 
color-producing reaction (e.g. peroxidase antiperoxidase, PAP; avidin-biotin, ABC, 
biotin-streptavidin, B-SA), and fluorescent dye-labeled system (for fluorescence 
microscope). 
The common process of IHC includes fixation and sectioning of tissue, blocking, 
incubate tissue with primary antibody, and then detection of the primary antibody. The 
fixation is necessary to protect the tissue from rigors of IHC processing techniques and 
stabilize natural structure of the tissue. The sectioning is to cut sample of interest into thin 
sections, which is able be investigated under microscope. The blocking enhances 
specificity of the primary antibody by obstructing nonspecific background staining. Many 
primary antibodies are commercialized and easy to use. The detection system can be 
classified to direct conjugate-labeled method and indirect conjugate-labeled method. The 
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enzyme or fluorescent dye. The indirect conjugate-labeled method uses the primary 
antibody which specifically binds to the target antigen, followed by addition of the 
labeled secondary antibody, which has specificity against an antigenic epitope on the 
primary antibody. 
Neurons contain Nissl substance, which is primarily composed of rough endoplasmic 
reticulum, with the amount, form, and distribution varying in different types of neurons. 
Because of the RNA content, Nissl substance is very basophilic and will be very sharply 
stained with basic aniline dyes. By varying the pH and the degree of differentiation, both 
Nissl substance and nuclei or only Nissl substance may be demonstrated. Cresyl violet 
acetate belongs to the group of oxazine dyes and is used especially for the staining of 
nuclei and Nissl bodies. CVA stains Nissl substance in dark blue to purple. The CVA 




Paraformaldehyde (Sigma, St. Louis, MO, USA)               4g 
0.1M phosphate buffer (pH 7.4)                                     100ml 
TBS/Triton X-100: 0.1M Tris-buffered saline (TBS) containing 0.1% Triton-X 100 
(Sigma, St. Louis, MO, USA) 
BSA (Bovine serum agglutinin, Vector Labs, Burlingame, CA, USA) 
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Goat anti-CTB antibody (List Biological Laboratories, Campbell, CA, USA) 
Biotinylated horse anti-goat IgG (Vector Labs, Burlingame, CA, USA) 
ABC (Vector Labs, Burlingame, CA, USA) 
3,3’-diaminobenzidine (DAB) (Sigma-Aldrich, Missouri, MO, USA) 
H2O2 (Sigma-Aldrich, Missouri, MO, USA) 
CVA (Cresyl violet acetate, Sigma-Aldrich, Missouri, MO, USA) 
KS 100 Imaging System (Carl Zeiss Vision, Aalen, Germany) 
Imaging-Pro Plus (MediaCybernetics, Silver Spring, MD, USA). 
2.3.3. Procedure 
For immunocytochemical staining, free-floating sections were washed in 0.1M Tris-
buffered saline (TBS) containing 0.1% Triton-X 100 and placed overnight in primary 
goat antibody for PHA-L (1: 10,000), or CTB (1:5,000) and in biotinylated horse anti-
goat IgG diluted 1: 500 in TBS/Triton X-100 for 2 hour. Sections were then incubated in 
ABC (avidin– biotin complex) reagent in TBS/Triton X-100 for 2 hour, and washed in 
Tris buffer and reacted in a solution of 0.12% H2O2 and 0.05% 3,3’-diaminobenzidine 
(DAB) (Sigma-Aldrich, Missouri, USA) in TB for 20 minutes. They were then mounted 
and air-dry overnight. Then the sections were counterstained with CVA, rinsed in H2O, 
dehydrated, coverslipped and stored. In control sections, primary antibody was omitted. 
For each brain sample, sections in wells 1 and 6, 5 and 10 were processed for PHA-L 
single immunocytochemical staining and then CVA counterstaining to evaluate the 
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changes after status epilepticus before processing for double staining with calcium 
binding proteins such as calbindin (CB), calretinin (CR) and parvalbumin (PV). 
According to CVA counterstaining, 17 out of 20 control and 36 out of 46 experimental 
mice were processed for PHA-L and CB, CR or PV double immunocytochemistry.  
 
2.4. PHA-L and CB, CR or PV double immunocytochemistry 
2.4.1. Principle 
The resolution provided by IHC methods allows the cell bodies, fibers and terminals of 
antigen-specific neuronal systems to be labeled selectively. But because the cell groups 
that share a given biochemical specificity often give rise to fiber systems that become 
intertwined in a complex manner, immunohistochemical methods alone are of rather 
limited value in tracing axonal projections. One limitation of anterograde tracing with 
single-label PHAL, and also of other tracing techniques, is that the chemical identity of 
the labelled neurons, as well as that of the target neurons, remains undefined. By 
combining PHA-L tracing with calcium-binding proteins (CBP) histochemistry we are 
able to study the afferent connections of presumably CBP immunopositive neurons. It is 
basically possible to use the method to study the chemical identity of target neurons, in 
addition to PHA-L-labeling of their afferents.  
Techniques that involve the combination of various retrograde, anterograde, and 
immunohistochemical markers have been introduced and, under optimal circumstances, 
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use of such combined approaches always involves a certain degree of inference, and 
biochemical markers for a particular system of interest may not be available. 
This led to explore a combination of peroxidase immunocytochemistry to label PHA-L 
containing neurons and immunocytochemistry with alkaline phosphatase-conjugated 
secondary antibodies to visualize the antigen in the target neurons. Combinations of 
PHA-L and enzyme immunocytochemistry in which each antigen is labeled with a 
different immunoperoxidase reaction product. Two-by-two visualization of PHA-L and 
other biomarkers was achieved employing the chromogens DAB-Ni and DAB to obtain a 
purple-black and brown labelling, respectively. PHA-L was initially visualized with 
DAB-Ni as chromogen for the single-staining procedure. Subsequently, CBP were 
visualized according to their respective single-staining procedures, completed with a 
DAB reaction. Good results were obtained with a double peroxidase procedure on frozen 
sections, using nickel-enhanced diaminobenzidine to visualize the PHA-L (dark blue 
reaction product), and diaminobenzidine (brown reaction product) to visualize the CBP 
immunopositive neurons. The quality of these preparations is permanent. 
2.4.2. Materials 
TBS/Triton X-100: 0.1M Tris-buffered saline (TBS) containing 0.1% Triton-X 100 
(Sigma, St. Louis, MO, USA) 
BSA (Bovine serum agglutinin, Vector Labs, Burlingame, CA, USA) 
Goat anti-PHA-L antibody (Vector Labs, Burlingame, CA, USA)  
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Rabbit anti-Calretinin (CR) (Chemicon International Inc., Temecla, CA, USA) 
Rabbit anti-Parvalbumin (PV) (Chemicon International Inc., Temecla, CA, USA) 
Nickel ammonium sulphate hexahydrate (Ni) (Sigma, St. Louis, MO, USA) 
Ammonium chloride (NH4Cl) (Sigma, St. Louis, MO, USA) 
Biotinylated horse anti-goat IgG (Vector Labs, Burlingame, CA, USA) 
Swine anti-rabbit IgG (DakoCorp, Glostrup, Denmark) 
ABC (Vector Labs, Burlingame, CA, USA) 
PAP (DakoCorp, Glostrup, Denmark) 
3,3’-diaminobenzidine (DAB) (Sigma-Aldrich, Missouri, MO, USA) 
H2O2 (Sigma-Aldrich, Missouri, MO, USA) 
2.4.3. Procedure 
For double labeling of PHA-L and CB (wells 2, 7), CR (wells 3, 8) or PV (wells 4, 9), 
sections were incubated in primary goat antibody for PHA-L (1:1000) and rabbit 
antibodies for CB, CR or PV (1: 100) for 48 hours, washed in TBS/Triton X- 100, and 
placed in biotinylated horse anti-goat IgG (1: 500) and swine anti-rabbit IgG (1:100) for 4 
hour, incubated in ABC solution for 2 hours and reacted in DAB-Nickel solution for 20 
minutes. Subsequently, PHA-L and CB/CR/PV was separately visualized with the use of 
a DAB or DAB-Ni procedure. DAB-Ni. 3,3'-Diaminobenzidine tetrahydrochloride was 
dissolved in 0.1 M phosphate buffer (pH 7.4) and 1% ammonium nickel sulphate (Ni).  
The sections were reacted with DAB-Ni for 5-15 min, resulting in the formation of a 
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incubated in peroxidase anti-peroxidase (PAP) (1:100) solution overnight, and developed 
with DAB alone. It results in a brown reaction precipitate in the labelled system. 
Precipitation of the DAB-Ni and DAB products in labeled cells and fibers was carefully 
monitored at intervals during the reaction and terminated by thorough rinsing in the 
appropriate buffer. In control sections, primary antibody (s) was omitted. 
 
2.5. CTB and CB, CR, PV double labeling 
2.5.1. Principle 
The B subunit of cholera toxin (CTB) has proven to be a powerful tool for retrograde 
labelling of neurons. By combining CTB tracing with calcium-binding proteins (CBP) 
immunohistochemistry we are able to study the origin of the afferent connections of 
presumably CBP immunopositive neurons. By combinations of CTB-labelling of their 
soma, CBP immunohistochemistry allows chemically specified origins quite precisely. 




TBS/Triton X-100: 0.1M Tris-buffered saline (TBS) containing 0.1% Triton-X 100 
(Sigma, St. Louis, MO, USA) 





Chapter 2: Materials and Methods 
Goat anti-CTB antibody (List Biological Laboratories, Campbell, CA, USA) 
Rabbit anti-Calbindin (CB) (Chemicon International Inc., Temecla, CA, USA) 
Rabbit anti-Calretinin (CR) (Chemicon International Inc., Temecla, CA, USA) 
Rabbit anti-Parvalbumin (PV) (Chemicon International Inc., Temecla, CA, USA) 
Cy3 conjugated goat anti-rabbit IgG (Chemicon International, Inc., CA, USA) 
Fluorescein isothiocyanate (FITC) conjugated goat anti-rabbit IgG (Chemicon 
International, Inc., Temecla, CA, USA) 
FluorSave Reagent (Calbiochem-Novabiochem, La Jolla, CA) 
FLUOVIEW FV500 Confocal Laser Scanning Biological Microscope (Olympus America 
Inc., Center Valley, PA, USA) 
2.5.3. Procedure 
For CTB and CB, CR or PV immunocytochemistry, sections were incubated overnight in 
primary goat antibody for CTB (1:1,000) and rabbit antibodies for CB (1:200), CR 
(1:150), PV (1:150), then washed in TBS and placed in FITC-conjugated goat anti-rabbit 
IgG against CB, CR, PV, and Cy3 conjugated goat anti-goat IgG for CTB, sections were 
then mounted, dried and cover-slipped by using FluorSaveTM Reagent to retard fading. In 
control sections, one or both primary antibodies were omitted. The tissue preparations 
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2.6. NeuN immunocytochemistry 
2.6.1. Principle 
Expression of NeuN, a soluble neuron-specific nuclear protein, is observed in most 
neuronal cell types throughout the nervous system of adult mice except for some major 
cell types appear devoid of immunoreactivity including cerebellar Purkinje cells, 
olfactory bulb mitral cells, and retinal photoreceptor cells. Immunohistochemically 
detectable NeuN protein first appears at developmental time-points which correspond 
with the withdrawal of the neuron from the cell cycle and/or with the initiation of 
terminal differentiation of the neuron. To exclude CVA-stained glial cells and provide 
quantitative counting of neuronal number for further confirming the pattern of neuronal 
loss, NeuN immunocytochemical study was done.  
2.6.2. Materials 
Normal goat serum (Vector Labs, Burlingame, CA, USA) 
NeuN (1:1000) (Chemicon International Inc., Temecla, CA, USA) 
Biotinylated goat anti mouse IgG (1:500) (Chemicon International, Inc., CA, USA) 
ABC (Vector Labs, Burlingame, CA, USA) 
3,3’-diaminobenzidine (DAB) (Sigma-Aldrich, Missouri, MO, USA) 
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2.6.3. Procedure 
Six control and 11 experimental mice at 2 month after pilocarpine induced status 
epilepticus (PISE) were sacrificed and freely floating sections were treated in 4% normal 
goat serum for 1 hr at room temperature. All sections were then washed in 0.1 M Tris 
buffered saline containing 0.1% Triton-X 100 (TBS-TX) and placed overnight in primary 
mouse antibodies for NeuN (1:1000). After incubation, sections were washed in TBS-TX 
and placed for 2 hrs in biotinylated goat anti mouse IgG (1:500) in TBS-TX. After two 
washes in TBS-TX, they were placed in ABC in TBS-TX for 2 hrs, washed in TBS and 
reacted in a solution of 0.12% H2O2, and 0.05% 3,3,-diaminobenzidine (DAB) (Sigma-
Aldrich, Missouri, USA) in Tris buffer for 15 min, then mounted, dehydrated, 
coverslipped and photographed by using image analysis system. In control sections, 
primary antibody was omitted. 
 
2.7. Long-term EEG and video camera monitoring  
2.7.1. Materials 
Dental acrylic cements (Bosworth Company, Skokie, IL, USA) 
Telemetry transmitter (TSE, Bad Homburg, Germany) 
TeleSys data acquisition and analysis program (TSE, Bad Homburg, Germany) 
Video camera (King island technology, Singapore) 
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2.7.2. Procedure 
Seventeen mice (6 control and 11 experimental) were used for this study. To monitor 
EEG of the freely moving mice, two leads from the transmitter were connected to screws 
anchored to the skull with cyanoacrylate and dental acrylic cement and positioned 
bilaterally over the sensorimotor cortex (2.3mm posterior and 2mm lateral to bregma). 
An additional screw placed over the frontal sinus served as a reference electrode. The 
EEG signals were telemetrically received via HF receiver which passed the signals on to 
the computer. Special telemetry interfaces built into the computer decoded and processed 
the signals from the receiver and then transferred them to the personal computer. Signals 
were then read by the TSE TeleSys data acquisition and analysis program. This system 
allowed simultaneous videotaping and EEG recording of two to four subjects.  
Video camera recording was done simultaneously 24 hrs/per day (12 hrs light on/12 hrs 
light off) so to correlate behavioral changes to EEG data. Both EEG recording and 
continuous video monitoring were made for 28±7 days per mouse. Infrared emitting 
illuminations were used during the dark periods to allow for video recording of animal 
activity during this time. Two high-resolution cameras (capturing colorful signals at 
daytime, black and white at night) were installed at opposite upper corner of cage and 
optimized to provide behavioral results for each mouse.  
The seizure severity was scored according to modified criteria by Racine (1972) as 
following: stage 0, no reaction; stage 1, stereotype mouthing, eye blinking and/or mild 





Chapter 2: Materials and Methods 
in the forelimbs; stage 4, clonic convulsions in the forelimbs with rearing; stage 5, 
generalized clonic convulsions associated with loss of balance. stage 6, multiple stage 5 
seizures; stage 7, jumping; stage 8, running and jumping; stage 9, stage 8 followed by 
tonic seizure; stage 10, multiple stage 9 seizures even death. Behavioural changes severer 
than score 2 (modified from Racine, 1972) could be recognized easily as two high-
resolution cameras at opposite corner of cage were installed to provide clear behavioural 
changes for all the mice monitored. Spontaneous recurrent seizure event was defined as 
the duration of epileptic discharges lasting for  ≥ 20 s, the ranking of behavioral changes 
being  ≥ stage 4 from combined video and EEG monitoring according to previous study 
by Arabadzisz et al. (2005) (Fig. 2-B, D, F, H).   
2.8. Transmission electron microscopic study of PHA-L immunostaining in CA3 
area of the hippocampus 
2.8.1. Materials 
Chloral hydrate (Merck, Darmstadt, Germany) 
4% paraformaldehyde and 0.1% glutaraldehyde:  
Paraformaldehyde (Sigma, St. Louis, MO, USA)               4g 
25% Glutaraldehyde  (Sigma, St. Louis, MO, USA)      0.4ml 
0.1M phosphate buffer (pH 7.4)                                     100ml 
Vibratome Tissue Sectioning System (Warner instruments, Hamden, CT, USA) 
1% Osmium tetroxide (OsO4; Sigma, St. Louis, MO, USA) 
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Lead citrate (Sigma, St. Louis, MO, USA) 
Uranyl acetate (Sigma, St. Louis, MO, USA) 
Philips EM208 transmission electron microscope (Philips Electronic Instruments, 
Mahwah, NJ, USA) 
2.8.2. Procedure 
Ten mice (including 4 control and 6 experimental mice at 2 months after PISE) were used 
for this study. Following deep anesthesia with chloral hydrate (0.40 g/kg), mice were 
perfused with 50 ml of saline, and then 100 ml 4% paraformaldehyde and 0.1% 
glutaraldehyde in 0.1M PB (pH 7.4) over 30 min. The cerebrum was removed, postfixed 
in 4% paraformaldehyde for 2 hrs, and then kept overnight in 10% sucrose in 0.1M PB at 
pH 7.4. Coronal sections of the cerebrum were cut at 60 μm thickness with a vibratome, 
and treated with 2% normal bovine serum for 1 h at room temperature. The sections were 
then incubated for 48 hours in primary goat anti-PHA-L antibody 1:1000 in TBS. After 
incubation, sections were washed in TBS and placed for 6 hrs in biotinylated horse anti-
goat IgG antibody diluted 1:500 in PBS, placed in ABC reagent in TBS for 2 hrs, and 
fully reacted in 0.002% H2O2 and 0.076% 3,3-diaminobenzidine in Tris buffer for 15 min. 
PHA-L labeled fiber in CA3 area was identified and trimmed into small blocks under a 
dissecting microscope. The tissue blocks were postfixed in 1% OsO4 for 45 min and 
dehydrated through an ascending series of alcohol and embedded flat in Araldite. 
Ultrathin sections were cut and stained with 0.1% lead citrate (8 min) and 2% uranyl 
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Qualitative examination on morphology and quantitative measurement on diameter of 
PHA-L immunopositive axon terminals or boutons were done in 3 blocks per mouse.  
 
2.9. Two-dimension (anterior-posterior) measurement of distribution of PHA-L 
immunopositive fibers in CA3 area and the dentate gyrus 
Hippocampus is a complex structure with 3-dimensional architecture. Most of the 
previous studies was done at the coronal sections of one segment of the epileptic 
hippocampus, but can provide information about abnormal changes at longitudinal axis of 
the entire hippocampus. To study the translaminar distribution of PHA-L immunopositive 
axons in a serial of sections collected as the above, distance between the most caudal 
poles of the dentate gyrus, the most rostral or the most caudal projection of PHA-L 
immunopositive fibers and the most rostral pole of the dentate gyrus were calculated by 
the number of the sections in between times 40µm and indicated as A, B, or C 
respectively. To exclude the variations caused during sample processing, the ratio of the 
rostrocaudal span of PHA-L immunopositive fibers to the length of the dentate gyrus was 
indicated as (B-C)/A. 
2.10. Data Analysis 
2.10.1. Materials 
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Imaging-Pro Plus (MediaCybernetics, Silver Spring, MD, USA). 
Excel 2003 (Microsoft, Redmond, WA, USA) 
Prism 4 (GraphPad Software, La Jolla, CA, USA) 
2.10.2. Procedure 
In the present study, different brain regions were identified according to the stereotaxic 
coordinates of Paxinos and Franklin (2001). Sections for quantitative study were 
investigated by using KS 100 Imaging System. Quantitative analysis was done by using 
Imaging-Pro Plus. NeuN, CB, CR, and PV immunopositive neuronal profiles in the hilus 
and granule layer (GC) of the dentate gyrus (DG) in septal and temporal parts of the 
dorsal and ventral hippocampus were counted and indicated as a number per square 
millimeter (No/mm2). Neuronal profiles in different layers of CA1 or CA3 areas were 
counted together as SORLM (strata oriens, pyramidale, radiatum and lacunosum 
moleculare) or SOLRLM (strata oriens, pyramidale, lucidum, radiatum and lacunosum 
moleculare) respectively because at 2 months after PISE, neuronal loss and gliosis made 
it impossible to differentiate layers in CA1-3 areas. The number of CB, CR, or PV 
immunopositive neurons contacted by PHA-L immunopositive axonal terminals in 
CA1and CA3 areas of hippocampus were calculated and indicated as a number per 
square millimeter (No./mm2). The frequency of spontaneous recurrent seizures (SRS) was 
calculated as the total number of epileptic episodes/the total number of days for EEG 
recording, and the ratio of SRS occurrence day to the total recording days was also 
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tail t-test between the control and experimental mice, using Excel 2003 and Prism 4 
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3.1. NeuN immunocytochemistry 
NeuN immunocytochemistry was done in both experimental animals of 2 month after 
Pilocarpine induced status epilepticus (PISE) and age-mated control animals. For each 
animal, brain slices containing septal part of dorsal, temporal part of dorsal, and ventral 
hippocampus were processed as described in materials and methods. The results showing 
NeuN immunoreactivity were summarized in Figure 3. Fig. 3-A, -B, -C showed the 
staining in septal part of dorsal hippocampus, while A was for control, B and C were for 
experimental animals. Similarly, Fig. 3-D, -E, -F displayed NeuN staining in temporal 
part of dorsal hippocampus, and Fig. 3-G, -H, -I were for ventral hippocampus. The 
stainings were illustrated in Fig. 3-D and –G for control animals and in Fig. 3-E, -F, -H, -
H for experimental animals. 
In hippocampus of control animals (Fig 3–A, -D, and –G), NeuN immunopositive cells 
were clearly found in different subareas. The principal cells such as GC of DG, and 
pyramidal cells of hippocampal proper were visualized as closely aligned to form 
principal cell layers, and interneurons scattered in molecular layer and hilus of DG, and 
stratum oriens, stratum radiatum, and stratum lacunosum moleculare of the hippocampal 
proper. The distribution and morphology of the NeuN staining in the control animals 
were consistent with previous literatures. 
In epileptic animals, cell losses of NeuN immunopositive cells were found in all the 
hippocampal subareas in different septotemporal levels along hippocampal axis. However, 
the cell loss showed substantial variations and they were not random. Summarization and 
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part, temporal part of dorsal hippocampus, and ventral hippocampus, respectively), two 
types of neuronal loss occurred in the hippocampus of experimental mice: Type 1, partial 
neuronal loss in CA3 area in the entire hippocampus (Fig. 3-B, E, H), and Type 2, almost 
complete neuronal loss in the temporal part of the dorsal hippocampus (from 2.1 to 2.4 
mm posterior to bregma) (Fig. 3-F), and partial neuronal loss in CA3 area in the septal 
part of the dorsal hippocampus (from 1.2 to 1.5 mm posterior to bregma) (Fig.3-C) and 
ventral hippocampus (from 3.6 to 3.9 mm posterior to bregma) (Fig. 3-I) at 2 months 
after PISE. In both types, neuronal loss in the hilus of the dentate gyrus was drastic, but 
in Type 2, granule cells showed obvious dispersion (Fig 3-I). Of 11 experimental mice, 5 
and 6 mice had Type 1 or 2 neuronal loss in the hippocampus, respectively. Similar 
patterns of neuronal loss were also observed in CVA counterstained sections with PHA-L 
immunocytochemistry. 
To illustrate more subtle differences in different layers of the hippocampus, the NeuN 
results were quantitatively analyzed and indicated in Figure 4. Results in septal, temporal 
part of dorsal hippocampus, and ventral hippocampus were stated in panel A, B, and C, 
respectively. In each panel, No. 1 and 2 represented results in CA1 area, for stratum 
pyramidale and other layers respectively. Because it is difficult to differentiate stratum 
oriens, stratum radiatum, and stratum lacunosum moleculare by NeuN staining, they are 
summarized for cell number counting and density calculation. Similar arrangements were 
done for CA3 area as No. 3, 4, and 5, and DG as No. 5, 6, 7, respectively. The white, strip, 
and black columns represented NeuN immunopositive densities in the different layers for 
control, type 1 and type 2 animals. Asterisk was put beyond column representing 
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groups, and plus sign was put between tops of the experimental columns when statistical 
difference found between the experimental groups. 
The qualitative differences among control mice and experimental mice were quantified as 
the following after summary of significant differences among the experimental animals: 
Type 1, significantly lower density of NeuN immunopositive cells in stratum pyramidale 
of CA3 area in the entire hippocampus (Fig. 4-A3, P<0.05; B3, P<0.01; C3, P<0.01), and 
Type 2, almost complete neuronal loss in the temporal part of the dorsal hippocampus 
(Fig. 4-B3) and significantly lower density of NeuN immunopositive cells in stratum 
pyramidale of ventral hippocampus (Fig. 4-C3, P<0.01) at 2 months after PISE compared 
to the control mice. In both types, neuronal loss in the hilus of the dentate gyrus was 
drastic compared to that of the control mice, but in mice with Type 2 neuronal loss, 
significantly lower density of NeuN immunopositive cells was shown in the hilus (Fig. 4-
C5, P<0.01) and molecular layer (Fig. 4-C7, P<0.05) of the dentate gyrus. No different 
cell density was found in granule cell layer between the two types of mice. 
These results indicate that different pathological subtypes may be classified in 
experimental animals with specific neuron loss patterns at chronic stage of epilepsy. 
Differently reorganized neuronal networks may exist in the different pathological 
subtypes to involve epileptogenesis. 
3.2. PHA-L Immunocytochemistry, and PHA-L and CB, CR, PV double labeling 
In the present study, we targeted the injection site on the upper and lower blades of the 
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included in data analysis: 1) those confined only to the hilus, and no labelled mossy fiber 
in CA3, and 2) those injected to the stratum pyramidale of CA3c.  
 
3.2.1. PHA-L immunopositive fibers in CA3 area of the hippocampus 
When PHA-L was injected into the dentate gyrus of the control mice, PHA-L 
immunopositive fibers were visualized in the stratum lucidum of CA3 area, in inner 
molecular layer of the dentate gyrus in both ipsi- and contra-lateral sides as reported in 
our previous study (Tang et al., 2005). In the present study, PHA-L was injected to septal 
part of dorsal DG, temporal part of dorsal DG, and ventral DG to show the 
immunopositive fibers and/or boutons in the corresponding CA3 area, respectively. 
3.2.1.1. Iontophoretical injection of PHA-L into the septal part of the dorsal DG  
After injection of PHA-L into the dentate gyrus at septal part of the hippocampus, PHA-L 
immunopositive fibers were found in CA3 area in both the control (Fig. 5-A, B) and 
experimental (not shown) mice. The densely labelled PHA-L immunopositive en passant 
and terminal boutons were distributed in the stratum lucidum. Their distribution and 
morphology are consistent with previous literatures. 
PHA-L and calcium-binding proteins such as CB, CR or PV double labelling 
demonstrated very close contacts between PHA-L immunopositive en passant and 
terminal boutons and cell bodies of CB (Fig 5-C), CR (Fig. 5-D) or PV (Fig. 5-E) 
immunopositive neurons in both the control and experimental mice. There was significant 
difference for the number of CB, CR immunopositive neurons contacted by PHA-L 
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and the control mice (Fig. 5-F, P<0.05; G, P<0.001). The number of CR immunopositive 
neurons contacted by PHA-L immunopositive en passant and terminal boutons was also 
different between Type 1 and the control mice (P<0.001) (Fig. 5-G), but no significant 
difference for the number of PV immunopositive neurons contacted by PHA-L 
immunopositive en passant and terminal boutons was observed among mice with Type 1 
or 2 neuronal loss and the control mice (P>0.05) (Fig. 5-H). 
 
Two-dimension measurement showed significant differences for the anterior-posterior 
span of PHA-L immunopositive fibers in CA3 area among the control mice, and mice 
with Type 1 or Type 2 neuronal loss (Fig. 10-A). The span was much longer in both mice 
with Type 1 neuronal loss (P<0.01) and mice with Type 2 neuronal loss (P<0.01), than in 
the control mice. In experimental groups, mice with Type 2 neuronal loss had significant 
wider projection than the Type I (P<0.05). Further analysis demonstrated that the distance 
from the injection center to the posterior pole of immunopositive fibers in CA3 area was 
significantly longer in mice with Type 1 or Type 2 groups than in the control mice, but 
there was no difference for the distance from the injection center to the anterior pole of 
the PHA-L immunopositive fibers in CA3 area (Fig. 10-A).  
 
DG at the septal part of dorsal hippocampus of experimental animals remained its 
projection to the corresponding CA3 area, despite that the spans and spatial distribution 
of the termination area were changed, and the densities of the contacted CB or CR 
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area in mice with Type 2 neuron loss was significantly larger than that in mice with Type 
1 neuron loss. 
3.2.1.2. Iontophoretical injection of PHA-L into the temporal part of the dorsal DG   
When PHA-L was injected into the temporal part of the dorsal DG, PHA-L 
immunopositive fibers were found in CA3 area in both the control and experimental mice, 
however, the distribution pattern of the fibers was obviously different among the control 
mice (Fig. 6-A), mice with Type 1(Fig. 6-B) and Type 2 (Fig. 6-C) neuronal loss. In CA3 
area of the temporal part of the dorsal DG, pyramidal neurons almost disappeared in mice 
with Type 2 neuronal loss, but PHA-L immunopositive fibers were observed consistently. 
Quantitative analysis on PHA-L and CB (Fig. 6-D), CR (Fig. 6-E) or PV (Fig. 6-F) 
double labelling demonstrated significant difference for the number of CB (Fig. 6-G, 
P<0.05), or CR (Fig. 6-H, P<0.05) immunopositive neurons contacted by PHA-L 
immunopositive en passant and terminal boutons between the control mice and mice with 
Type 2 neuronal loss. The number of CR or PV immunopositive neurons contacted by 
PHA-L immunopositive en passant and terminal boutons was also different between the 
control mice and mice with Type 1 neuronal loss  (Fig. 6-H, P<0.001; I, P<0.01), or 
between mice with Type 1 and Type 2 neuronal loss (Fig. 6-H, P<0.001; I, P<0.001). 
 
Two-dimension measurement showed no difference for the anterior-posterior span of 
PHA-L immunopositive fibers in CA3 area among the control mice and mice with Type 1 
and 2 neuronal loss (Fig. 10-B). However, there was significant reduction for the distance 
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experimental mice, the posterior pole of PHA-L immunopositive fibers in CA3 area was 
always posterior to the injection center, whereas in the control mice, it was anterior to the 
injection site (Fig. 10-B).   
 
DG at the temporal part of dorsal hippocampus of the experimental animals remained its 
projection to the corresponding CA3 area. However, the spatial distribution of the 
termination area and the densities of the contacted CB, CR, or PV immunopositive cell 
were changed. The mice with Type 1 neuron loss had significant higher densities of cell 
contacted by PHA-L immunopositive boutons than the mice with Type 2 neuron loss for 
both CR and PV double-staining. 
3.2.1.3. Iontophoretical injection of PHA-L into the ventral DG  
After injection of PHA-L into the ventral DG, PHA-L immunopositive fibers were 
distributed in CA3 area in both the control and experimental mice (Fig. 7-A, B). PHA-L 
and CB (Fig. 7-C), CR (Fig. 7-D) or PV (Fig. 7-E) double labeling demonstrated 
significant difference for the number of CB, CR, or PV immunopositive neurons 
contacted by PHA-L immunopositive en passant and terminal boutons between mice with 
Type 2 neuronal loss and the control mice (Fig. 7-F, P<0.001; G, P<0.001; H, P<0.001). 
The number of PV immunopositive neurons contacted by PHA-L immunopositive en 
passant and terminal boutons was also different between the control mice and mice with 
Type 1 neuronal loss (Fig. 7-H, P<0.001). Significant differences were also observed for 
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P<0.05) immunopositive neurons contacted by PHA-L immunopositive en passant and 
terminal boutons between mice with Type 1 and Type 2 neuronal loss. 
 
There was significant reduction for the anterior-posterior span of PHA-L immunopositive 
fibers in CA3 area in mice with Type 2 neuronal loss than that in the control mice (Fig. 
10-C, P<0.05), or mice with Type 1 neuronal loss (Fig. 10-C, P<0.05). However, there 
was no difference for the distance from the injection center to anterior or posterior pole of 
the PHA-L immunopositive fibers. 
 
DG at the ventral hippocampus of the experimental animals remained its projection to the 
corresponding CA3 area. However, the span and spatial distribution of the termination 
area, and the densities of the contacted CB, CR, or PV immunopositive cell were changed. 
The mice with Type 1 neuron loss showed larger span of the termination area and had 
significant higher densities of cell contacted by PHA-L immunopositive boutons than the 
mice with Type 2 neuron loss for CB, CR and PV double-staining. 
 
In summary, at the different septotemporal levels of the hippocampus, the PHA-L 
immunopositive fibers and boutons from DG were remained in the corresponding CA3 
areas in experimental animals with both Type 1 and Type 2 neuron loss. However, 
significant differences were found between the two subtypes in span and spatial 
distribution of the termination area, and densities of CBPs contacted by PHA-L 
immunopositive boutons. It seems that these differences were more obvious at temporal 
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the lamellar innervation, the projections from DG to corresponding CA3 area of 
experimental animals were reorganized at different septotemporal levels of hippocampus, 
especially at temporal parts. Obvious differences of reorganization were found between 
the animals with Type 1 and Type 2 neuron loss, such as span and spatial distribution of 
termination area, and densities of CBPs contacted by PHA-L immunopositive boutons. 
The difference of PHA-L immunopositive boutons in CA3 area at temporal part of dorsal 
hippocampus was further investigated in section 3.5. 
3.2.2. PHA-L immunopositive fibers in CA1 area of the hippocampus 
After injection of PHA-L into the septal part of the dorsal DG, no specific PHA-L 
immunopositive fibers were found in CA1 area in either the control or the experimental 
mice. However, when PHA-L was injected into the temporal part of the dorsal DG or the 
ventral DG, the immunopositive fibers were found in corresponding CA1 area in 
experimental mice (Fig. 8-B, Fig. 9-B respectively) but never in the control mice (Fig. 8-
A2, Fig. 9-A respectively).  
In corresponding CA1 area at temporal part of dorsal or ventral hippocampus of the 
experimental mice, PHA-L and calcium-binding proteins such as CB, CR or PV double 
labeling demonstrated very close contacts between PHA-L immunopositive en passant 
and terminal boutons and cell bodies of CB (Fig. 8-C, Fig. 9-C respectively), CR (Fig. 8-
D, Fig. 9-D respectively), or PV (Fig. 8-E, Fig. 9-E respectively) immunopositive 
neurons. However, there was no difference for the number of CB, CR, or PV 
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boutons between mice with Type 1 and Type 2 neuronal loss (Fig. 8-F, G, H; Fig. 9-F, G, 
H). 
 
Two-dimension measurement showed no difference for the anterior-posterior span of 
PHA-L immunopositive fibers in CA1 area between mice with Type 1 and Type 2 
neuronal loss (Fig. 10-B, C). And there was also no difference for the distance from the 
injection center to the anterior or posterior pole of the PHA-L immunopositive fibers in 
CA1 area between the experimental groups (Fig. 10-B, C). 
 
In summary, at temporal part of dorsal and ventral hippocampus, novel PHA-L 
immunopositive fibers and boutons from DG were discovered CA1 areas in experimental 
animals with both Type 1 and Type 2 neuron loss. These projections respected lamellar 
distribution similarly to that from DG to corresponding CA3 area. No significant 
differences were found between the two subtypes in span and spatial distribution of the 
termination area, and densities of CBPs contacted by PHA-L immunopositive boutons. 
These results suggest that direct projections rewired from DG to corresponding CA1 area 
in experimental animals. The projection may provide a bridge between DG and other 
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3.2.3. PHA-L immunopositive fibers in ipsi- and contra-lateral DG of the 
hippocampus 
To investigate associational/commissural connections of the dentate gyrus, PHA-L was 
injected into DG at septal part, temporal part of dorsal hippocampus, and ventral 
hippocampus of the control and experimental mice. PHA-L immunopositive fibers in DG 
from the different septotemporal levels were visualized and summarized in the following 
sections, respectively.  
In the present study, we targeted the injection site on the upper and lower blades of the 
granule cell layer, and the hilus of the dentate gyrus. The following injections were not 
included in data analysis: 1) those confined only to the hilus, and no labelled mossy fiber 
in CA3, and 2) those injected to the stratum pyramidale of CA3c.  
3.2.3.1. Iontophoretical injection of PHA-L into the septal part of the dorsal DG  
As shown in Figure 11, when PHA-L was injected into the septal part of the dorsal DG of 
control mice, PHA-L immunopositive fibers were observed in both sides of DG. They 
were found in ipsilateral dorsal (Fig. 11-B), ventral (Fig. 11-E) and contralateral dorsal 
(Fig. 11-C, D, E) parts of the dentate gyrus. These fibers were also visualized in 
experimental animals, except for the ventral part of the contralateral DG (Fig. 11-F).  
 
Two-dimension distribution of the PHA-L immunopositive fibers at rostral-caudal 
direction were analyzed and summarized in Figure 11-G. Separated by the middle line, 
the white, strip, and black columns in the two sides represent length of the fibers in hilus, 
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molecular layer (M&OML) at ipsi- and contra-lateral side of DG, for control, mice with 
Type 1, and Type 2 neuron loss, respectively. Similar schematic diagrams were applied to 
show results at temporal part of dorsal and ventral DG in following sections.  
 
When PHA-L was injected into the septal part of the dorsal DG, two-dimension 
measurement showed significant difference for the anterior-posterior span of PHA-L 
immunopositive fibers between the control and experimental mice (Fig. 11-G). The span 
was much shorter in the latter (Type 1 and 2) than the former in hilus (P<0.05, P<0.01 
respectively), in granule cell layer and inner molecular layer (P<0.01 for both types), 
middle and outer molecular layer (P<0.01, P<0.001 respectively) at ipsilateral 
hippocampus, and in hilus (P<0.001 for both types), in granule cell layer and inner 
molecular layer (P<0.001 for both types), middle and outer molecular layer (P<0.001 for 
both types) at contralateral hippocampus. It is especially shorter for the distance from the 
injection center to the posterior pole of PHA-L immunopositive fibers. In experimental 
group, the span of PHA-L immunopositive fibers in the molecular layer of ipsilateral 
dentate gyrus was much shorter in mice with Type 2 neuronal loss than that in Type 1 
(P<0.05).   
3.2.3.2. Iontophoretic injection of PHA-L into the temporal part of the dorsal DG  
After injection of PHA-L into the temporal part of the dorsal DG, PHA-L 
immunopositive fibers were demonstrated in ipsi- (Fig. 12-A, C, E) and contra- (Fig. 12-
G, I, K) lateral dentate gyrus in the control mice. However, in experimental mice, they 
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Two-dimension measurement showed significant reduction for the anterior-posterior span 
of PHA-L immunopositive between the control mice and either experimental mice with 
Type 1 neuronal loss (Fig. 12-M, P<0.05 in hilus, P<0.001 in granule cell layer and inner 
molecular layer), or the mice with Type 2 neuronal loss (Fig. 12-M, P<0.05 in hilus, 
P<0.001 in granule cell layer and inner molecular layer). It is especially obvious for the 
distance from the injection center to the posterior pole of PHA-L immunopositive fibers 
in the dentate gyrus. 
 
Compared with results in above section, the PHA-L immunopositive fibers from the 
temporal part of dorsal dentate gyrus in control animals were quite dense in inner 
molecular layer at ipsilateral side. Interestingly, while remaining in substantial amount 
and length at the ipsilateral side, these PHA-L immunopositive fibers in experimental 
animals were totally lost at contralateral side. 
3.2.3.3. Iontophoretic injection of PHA-L into the ventral DG  
When PHA-L was injected into the ventral DG, PHA-L immunopositive fibers were 
observed in ipsi- and contra-lateral dentate gyrus in the control mice (Fig. 13-A, D, G, 
Fig. 13-I, L, Q, respectively) and mice with Type 1 neuronal loss (Fig. 13-B, E, H; Fig. 
13-J, M, P, respectively), but not in mice with Type 2 neuronal loss in the above areas 
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Two-dimension measurement showed significant reduction for the anterior-posterior span 
of PHA-L immunopositive fibers in mice with Type 2 neuronal loss than in the control 
mice (Fig. 13-R, P<0.001 in all layers of the dentate gyrus at ipsilateral hippocampus), or 
in the mice with Type 1 neuronal loss (Fig. 13-R, P<0.001 in all layers of the dentate 
gyrus at ipsilateral hippocampus), especially for the distance from the injection center to 
the anterior pole of PHA-L immunopositive fibers in DG(P<0.001) (Fig. 13-R).  
 
The PHA-L immunopositive fibers from the ventral dentate gyrus in control animals were 
also dense in inner molecular layer at ipsilateral side. Despite that these fibers in the 
animals with Type 1 neuron loss were significantly decreased, their two-dimension 
distributions were almost the same as that in control animals. In contrast, the PHA-L 
immunopositive fibers from ventral DG in the animals with Type 2 neuron loss were 
almost lost at both sides of DG except for the fibers distributed in segments neighbouring 
the injection side. 
 
In summary, the PHA-L immunopositive projections from DG showed distinct different 
reorganization between the animals with Type 1 and Type 2 neuron loss. These results 
indicate the associational/commissural connections of DG were differently reorganized in 
different pathological subtypes. The different reorganizations may contribute to different 
pathophysiology of DG in epileptic conditions.  
In experimental animals, the septal part of dorsal DG contributed to minority 
associational/commissural projections, and the temporal part of dorsal DG lost its 
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between the animals with Type 1 and Type 2 neuron loss. In contrast, the fibers from the 
ventral DG presented significantly different distribution between the two subtypes, in a 
manner of “all or none”. And these fibers covered almost full-length at both ipsi- and 
contra-lateral sides of DG. Thus, the associational/commissural connections of ventral 
DG may play important role in physiology and/or pathophysiology in epileptic animals, 
and their different reorganization in different pathological subtypes may involve in 
different epileptogenesis. 
3.3. CR immunocytochemistry 
Calretinin (CR) was well accepted as a marker to visualize mossy cell in hilus of DG and 
its projections in inner molecular layer of DG in experimental animals. To confirm above 
findings of rewiring from DG by PHA-L tracing, CR immunocytochemistry has been 
done in both control and experimental animals and the results were showed in Figure 14. 
Fig. 14-A, -B, -C showed the staining in septal part of dorsal hippocampus, while A was 
for control, B and C were for experimental animals with Type 1 and Type 2 neuron loss, 
respectively. Similarly, Fig. 14-E, -F, and -G displayed CR staining in temporal part of 
dorsal hippocampus, and Fig. 14-H, -I, and -D were for ventral hippocampus. The 
stainings were illustrated in Fig. 14-E and –H for control animals, in Fig. 14-B, -F, and -I 
for experimental animals with Type 1 neuron loss, and in Fig. 14-C, -G, and –D for the 
animals with Type 2 neuron loss. 
 
In the dentate gyrus of the control mice, dense CR immunopositive band were observed 
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parts (Fig. 14-E) of the dorsal, and ventral DG (Fig. 14-H). CR immunopositive neurons 
were shown mainly in the hilus of the dentate gyrus of the ventral hippocampus (Fig. 14-
H). In mice with Type 1 neuronal loss, CR immunopositive product decreased in the 
inner molecule layer of the septal (Fig. 14-B), temporal (Fig. 14-F) part of dorsal, and 
ventral (Fig. 14-I) DG. In mice with Type 2 neuronal loss, partial to complete loss of 
ventral CR immunopositive neurons was seen (Fig. 14-D), that was accompanied by a 
parallel loss of CR immunostaining observed through out the length of the DG (Fig. 14C, 
G). 
 
These results are consistent with the above results on rewiring of DG by PHA-L tracing 
method. The projections from mossy cell were significantly decreased in experimental 
animals, especially in the mice with Type 2 neuron loss. And the decreased projections 
were in accordance with the number of CR immunopositive cells in hilus of ventral DG. 
In summary, the results confirmed the reorganized associational/commissural 
connections of DG in experimental animals and their differences between the animals 
with Type 1 and Type 2 neuron loss. It also suggests that CR immunopositive cells 
located in hilus of ventral hippocampus may contribute to the reorganized projections. 
Further investigation on the origins of the associational/commissural projections was 
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3.4. CTB immunochemistry and CB, CR, PV double labeling 
3.4.1. Iontophoretical injection of CTB into CA3 area, CTB and CB, CR or PV 
double labeling 
To investigate origin of the reorganized projection from DG to CA3 area, retrograde 
tracer CTB was injected into CA3 area at septal part, temporal part of dorsal 
hippocampus and at ventral hippocampus. Then double-staining of CTB with CB, CR, or 
PV were done. 
As illustrated in Figure 15,  CTB was co-localized with CB in the granule cell layer of the 
dentate gyrus at corresponding hippocampal segment in either the control mice (Fig. 15-
A, B) or the experimental mice (Fig. 15-C, D). And the double-stained cell present 
elliptical shape and diameter of about 10μm, consistent with morphology of granule cell 
in DG. These results suggest that the granule cell may be the main origin of the 
reorganized projections from DG to CA3 area at different septotemporal levels of 
hippocampus. 
3.4.2. Iontophoretical injection of CTB into DG, CTB and CB, CR or PV double 
labeling 
To investigate origin of the reorganized associational/commissural projection from DG, 
retrograde tracer CTB was injected into septal or temporal part of dorsal DG. Then 
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As shown in Figure 16, CTB was co-localized with CR in the hilus of the ventral 
hippocampus in the control mice (Fig. 16-A) and mice with Type 1 neuronal loss (Fig. 
16-B). In mice with Type 2 neuronal loss, CTB labelled, and CTB and CR double 
labelled neurons were observed only in the ventral hilus of Type 2 mice with partial, but 
not complete loss. These results are consistent with above findings on reorganized 
associational/commissural projections of DG in experimental animals by PHA-L tracing 
(section 3.2.3) and CR immunocytochemistry (section 3.3) and suggest that the CR 
immunopositive mossy cell may be the main origin of the reorganized 
associational/commissural projections from DG at different septotemporal levels of 
hippocampus. 
3.5. Electron microscopic study of PHA-L immunopositive fibers in CA3 area  
The gliotic CA3 area in animal with Type 2 neuron loss attracted our special interest 
because PHA-L immunopositive fibers and boutons were found in this area despite most 
of the principal cell lost. Transmission electron microscopic study has been done to 
investigate ultra-structure in the area and the results were summarized in Figure 17. Fig. 
17-A, -B, -C, and –D showed PHA-L immunopositive terminals in the CA3 area of 
control animal. Fig. 17-E and –F were for the animals with Type 2 neuron loss. 
 
It was shown that both large (≥1 μm) (mean diameter =1.83±0.33μm, n=4) (Fig. 17-A, B) 
and small (<1 μm) (0.63±0.14 μm, n=4) (Fig. 17-C) PHA-L immunopositive axon 
terminals to form synaptic contacts with dendrites, dendritic spines and somas in CA3 
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terminals in the control mice, large terminals were 38.45±2.3%, and small terminals were 
61.55±2.3%. In mice with Type 2 neuronal loss, large PHA-L immunopositive axon 
terminals almost disappeared, but small PHA-L immunopositive axon terminals formed 
symmetric synapses with dendrites (Fig. 17-D), dendrite spines (Fig. 17-E). Their 
possible contact with another axon terminal was also indicated (Fig. 17-F) but need 
further investigations. 
 
These results indicate that projection from DG remain their terminations in severely 
gliotic CA3 area of epileptic animals, where the principal neurons were almost totally lost. 
The small terminals found may form contact with the surviving interneurons, and/or glia 
cells to play a role in epileptogenesis. Further studies are needed to illustrate the 
mechanism underlying. 
3.6. Long-term EEG (Telemetry) and video monitoring 
To completely evaluate epileptic attacks in our experimental animals, long-term EEG 
(Telemetry) and video monitoring were made 7 x 24 hours per week, 28±7 days for all 
mice.  Epileptic attacks were observed and confirmed by both EEG and video data as 
described in section 2.7 and the results were shown in Figure 18. 
 
No significant difference for the frequency of spontaneously recurrent seizures (SRS) 
was observed in the experimental mice (n=11) with Type 2 (n=7) and Type 1 (n=4) 
neuronal loss. The frequency of seizures occurrence was 0.71±1.01 in Type 1 and 
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day to the total recording days was calculated, we found that mice with Type 1 neuron 
loss show significantly more days (ratio=0.40±0.13) to have epilepsy than that in Type 2 
(ratio= 0.23±0.10) (P<0.05, Fig. 18-B). This parameter represents divergent or 
convergent tendency of the seizures distribution in a period. The bigger divergence of the 
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4.1. Linkage between pathological changes of hippocampus and frequency of 
epileptic attacks in patients and animal model of temporal lobe epilepsy 
Hippocampal sclerosis has been widely accepted as one of the characteristic pathological 
changes in patients with temporal lobe epilepsy (Margerison and Corsellis, 1966), and  
occurs  in about 60-70% of  patients with intractable temporal lobe epilepsy (Shorvon, 
1996). The Commission on Classification and Terminology of the International League 
Against Epilepsy (ILAE) has established mesial temporal lobe epilepsy with hippocampal 
sclerosis (MTLE-HS) as one subtype of temporal lobe epilepsy with associated clinical 
observations, treatment and an increased occurrence of drug resistance (ILAE 
Commission Report, 2004). However, the mechanism of epileptogenesis of MTLE-HS 
remains unclear. It has been indicated that patients who have MTLE with MRI-identified 
HS are more likely to have intractable seizures than patients with other MRI-identified 
lesions. Study from a tertiary center in Paris (Semah, 1998) reported that only 11% of 
patients with HS were seizure free with drug treatment, whereas 46% of seizure free was 
observed by Glasgow group (Stephen, 2001). EEG monitoring showed two types of 
electrographic seizure onsets in drug-refractory patients with MTLE-HS (Bragin et al., 
2005). These studies therefore suggest that different mechanisms of epileptogenesis are 
involved in epileptic attacks in patients with MTLE-HS.  
Clinical studies have also indicated the linkage between the severity of hippocampal 
pathological changes and surgical outcomes (Babb et al., 1984; Bruton, 1988).  For 
instance, Babb and his co-workers found that in patients benefiting from anterior 
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hippocampus, whereas in those with less benefit from ATL, sclerosis was similar in 
anterior to posterior hippocampus. Wieser et al. (2003) reported that the more severe the 
HS, the better the outcome after surgical approach. However, due to the limitations of 
surgical approaches, systemic study to link the severity of hippocampal pathological 
changes to the frequency of epileptic attacks is still needed.   
Animal models of both SE (status epilepticus) and kindling have been used to examine 
processes of epileptogeneis following isolated initial injury (e.g., SE) and repeated brief 
seizures (i.e., kindling). They successfully mimic different clinical features of patients 
with MTLE. Pitkanen’s group has done a line of delicate studies on the association 
between hippocampal pathologies and epileptogenesis. When mossy fiber sprouting was 
assessed for its association with seizure frequency by long-term video-EEG monitoring, 
no correlation was observed (Pitkanen, 2000), which was consistent with report from 
Buckmaster and Dudek (1997). There was also no linkage between neuronal loss in the 
hilus of the dentate gyrus and frequency of lifetime seizure occurrence (Pitkanen, 2002). 
However, the limitation of previous studies is that most of pathological changes were 
observed only in one segment instead of the entire hippocampus. 
By comprehensive investigation of neuronal loss in the entire hippocampus, the present 
study showed two types of pathological changes occur in experimental mice at 2 months 
after pilocarpine induced status epilepticus according to the neuronal loss pattern in the 
dentate gyrus and CA3 area of hippocampus (Table 3). Type 1 showed partial neuronal 
loss in CA3 area in the entire hippocampus, whereas Type 2 had almost complete 
neuronal loss in the temporal part of the dorsal hippocampus, and partial neuronal loss in 
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months after PISE. In both types, neuronal loss in the hilus of the dentate gyrus is drastic, 
but in Type 2, granule cells showed obvious dispersion. As to our knowledge, similar 
classification has never been done in previous studies. The results are consistent with the 
previous studies in patients with TLE who show similar patterns of pathological changes. 
The classification of the subtypes of epileptic animals according to their hippocampal 
pathology may provide neuroanatomical basis for understanding the mechanism of 
epileptogenesis which may provide evidence for more tailored therapeutic approaches. 
4.2. Associational/commissural connections of the dentate gyrus in the experimental 
mice at 2 months after PISE and their roles in epileptogensis 
As one of the most resistant structures (often being the only residual structure of 
hippocampus in extremely sclerotic hippocampi) and “filter” for cortical inputs to the 
hippocampus, the dentate gyrus plays an important role in epileptogenesis. The 
terminations of associational/commissural fibers in the dentate gyrus have been shown to 
be much more complex in the inner molecular layer, the outer molecular layer,  the entire 
molecular layer, or in both the granule cell layer and the molecular layer (Deller et al., 
1995, 1996a, 1996c; Deller et al., 1998). Previous studies have revealed that the main 
origin of associational / commissural projections of the dentate gyrus are from excitatory 
(mossy cells) and inhibitory neurons (HIPP cells, hilar interneuron with perforant 
pathway-associated axon terminals; and HICAP cells, hilar commissural-associational 
pathway related cells) (Han, 1993; Sik, 1997) in the dentate gyrus. The net effect of 
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therefore, the main function of the associational / commissural system may be to prevent 
longitudinal spread of excitation in the dentate gyrus (Buzsa´ki and Eidelberg, 1981; 
Douglas et al., 1983; Steward et al., 1990). Neuronal loss in the hilus of the dentate gyrus 
may be associated with decreased associational / commissural connections involved in 
epileptogenesis. In the present study, we showed two subtypes neuronal loss in the hilus 
of the ventral dentate gyrus. The calretinin immunohistochemical and retrograde tracer 
studies showed the preservation of the associational / commissural projections from the 
ventral dentate gyrus in the entire hippocampus in mice with Type 1 neuronal loss. 
However, such projects almost disappeared in mice with Type 2 neuronal loss.  
The significant difference in associational / commissural innervations may contribute to 
distinct excitatory / inhibitory balance in mice with the two subtypes of neuronal loss. 
Based on the “net” inhibitory effect of the associational / commissural projections from 
the ventral dentate gyrus, it is likely that the dorsal dentate gyrus in mice with Type 2 
neuronal loss may be more hyperactive than those mice with Type 1 neuronal loss due to 
the drastically reduced lateral inhibition. Due to its large innervation range, the 
associational / commissural projection is a possible candidate for transmission of 
abnormal discharge among different hippocampal segments. The relation between 
interhippocampal seizure propagation time (IHSPT) and anatomic alterations in the 
human epileptic hippocampus was evaluated using depth electrode recordings. The time 
required for spontaneous seizures with onset in one hippocampus to manifest in the 
contralateral hippocampus in 50 patients who underwent resection of the temporal lobe of 
seizure origin were measured. Cell densities in individual hippocampal subfields were 
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significantly and inversely correlated with cell counts in CA4 only (r = -0.38, p < 0.01, 
Pearson's product correlation; r = -0.52, p < 0.001, Spearman's rank order correlation). In 
5 patients with bilateral independent hippocampal seizure onset who had temporal 
lobectomy and a diagnosis of mesial temporal sclerosis, mean IHSPT was consistently 
longer from the sclerotic temporal lobe than to it. These observations suggest that 
anatomic changes associated with chronic epilepsy alter propagation patterns. Because 
CA4 is believed to modulate the output of dentate granule cells and also has commissural 
connections to the contralateral homotopic area, it was proposed that the association of 
decreased CA4 cells with prolongation of IHSPT suggests that the observed anatomic 
alterations may actively (through increased inhibition) or passively (through decreased 
recruitment) interfere with various routes of seizure propagation (Spencer, 1992). Further 
study in the same group reconfirmed that initial propagation time was significantly and 
inversely correlated with neuronal density in CA4 (p < 0.02) (Spencer, 1999). However, 
the studies didn’t provide any clues to the route of seizure propagation. The present study 
in experimental animals has revealed the differently reorganized associational / 
commissural projection from the dentate gyrus in the two subtypes. With Type 2 showing 
much more neuron loss in the hilus of the dentate gyrus in ventral hippocampus, the 
associational / commissural projections from the segment of the dentate gyrus is much 
less then  in Type 1. Whereas, the inhibitory control on other segments and inter-segment 
propagation of the ventral dentate gyrus may happen at the same time, or be two sides of 
a coin. Further study is necessary to illustrate the pathophysiological effects of the 
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4.3. Reorganized connections from DG to CA1 and CA3 areas  
4.3.1. Reorganized connection from DG to CA3 area 
Neuronal loss in CA3 area of the hippocampus is one of the characteristic 
neuropathologic changes in patients with temporal lobe epilepsy. However, few studies 
have been done to explain why recurrent seizures still occur spontaneously after 
trisynaptic neural pathway is interrupted. In the present study, we observed that in mice 
with Type I neuronal loss, when CA3 neurons were partially lost, lamellar innervations 
from the dentate gyrus to CA3 area remained. However, the lamellar innervations were 
reorganized in mice with Type II neuronal loss. In these mice, calbindin immunopositive 
fibers and PHA-L labelled axon terminals and boutons were still found in CA3 area after 
iontophoretic injection of PHA-L into the granule layer of the dentate gyrus as reported in 
our previous studies (Tang et al., 2005, 2006). Our systematic tracer study at different 
hippocampal levels showed the existence of the mossy fiber projections in CA3 area, but 
the anterior-posterior (along the longitudinal axis of the hippocampus) spans of the 
termination area were changed.  
In mice with Type 2 neuronal loss, although CA3 pyramidal neurons almost disappeared, 
mossy fibers remained. They may establish synaptic connections with newly sprouted 
dendrites with growth of cone-like dendritic spines as reported in our previous studies 
(Tang et al., 2005, 2006). Electron microscopic study showed the loss of typical huge 
mossy fiber terminals which were observed in the control mice. The remaining small 
axon terminals established axoaxonic contacts in gliotic CA3 area. Contacts between 
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immunopositive neurons were still observed. Further study is needed to illustrate 
functional significance of axoaxonic synapses in CA3 area in epileptogenesis.  
4.3.2. Reorganized connection from DG to CA1 area 
One novel finding of the present study is direct projection from the dentate gyrus to the 
gliotic CA1 area, which is in lamellar distribution and found in both dorsal and ventral 
hippocampus. In the gliotic CA1 area, sprouted PHA-L immunopositive axon terminals 
and boutons were found. This is consistent with our previous study (Tang et al., 2005). 
Furthermore, we observed the contacts between PHA-L immunopositive axon terminals 
and boutons with surviving CB, CR, and PV immunopositive neurons. This supports the 
conclusion that surviving neurons in gliotic CA1 may act as a bridge between the dentate 
gyrus and subiculum leading to epileptogenesis (Tang et al., 2005). These newly- 
established pathways may play a role in feed-forward inhibition of surviving principal 
neurons in CA1 area at 2 months after PISE.  
 
4.4. Epileptic attacks in mice with two patterns of neuronal loss and axon 
reorganization  
In the present study, no correlation between the severity of neuronal loss and the 
frequency of the epileptic attacks was observed.  This is consistent with previous studies 
in animal models (Borges et al., 2003; Brandt et al., 2003) and in patients with temporal 
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parameter to represent electrophysiological characteristics of epilepsy. In previous 
intracranial recording in patients of MTLE-HS, two types of dynamic interactions occur 
between the hippocampus, amygdala, and entorhinal cortex were observed (Bartolomei, 
2004). In "Type 1 transition", the emergence of pre-ictal spiking was followed by a rapid 
discharge; whereas in "Type 2 transition", no prior spiking occurred before rapid 
discharge onset. “Type 1 transition” was characterized by interactions that uniformly 
involved the three structures, whereas “Type 2 transition” was associated with 
interactions between the entorhinal cortex and hippocampus. Analysis of coupling 
directions demonstrated that the hippocampus was always a leading structure in “Type 1 
transition” whereas in “Type 2 transition”, the entorhinal cortex was most often the 
leading structure in generation of epileptic activity.  This suggests that there may be two 
different mechanisms of epileptogenesis in the neuronal networks of MTLE-HS patients. 
Vossler et al. (2004) observed that location of seizure onset was related to the degree of 
hippocampal pathology, i.e., low-grade HS was associated with initial ictal discharges in 
both the hippocampus and temporal cortex, and high-grade HS was associated with initial 
ictal discharges restricted to the hippocampus. It remains to be elucidated whether the 
existence of two different patterns of neuronal loss in the present study is linked to two 
types of dynamic interactions between the hippocampus, amygdala, and entorhinal cortex. 
Furthermore, mice with Type 1 neuronal loss have a higher ratio of SRS occurrence day 
to the total recording days than those with Type 2 neuronal loss. Further study is needed 
to explain why the severity of neuronal loss is negatively linked to the ratio of SRS 
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4.5. Limitations of the present study 
It should be mentioned that not all cases of human TLE is developed after an obvious 
initial injury and not all patients are intractable to drug treatment. Therefore, the mouse 
pilocarpine model of SE is not universally applicable to all the syndromes of patients 
with TLE. Furthermore, pathological changes in the hippocampus from patients with 
TLE are developed after many years or even decades of epileptic occurrence, while those 
from the mouse model are generated after a few weeks or months.  
Another debate in epileptic research is whether acquired (versus congenital) epilepsy 
requires actual brain damage and neuronal loss. Some studies suggest that brain injury is 
not necessary for the development of chronic epilepsy (i.e., epileptogenesis), particularly 
with regards to acquired paediatric epilepsy (e.g., after hypoxia, prolonged febrile 
seizures, or SE in children and immature animals). Further study is still needed to clarify 
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The present study demonstrated that 1) two types of pathological changes occurred in 
experimental mice at 2 months after pilocarpine induced status epilepticus according to 
the neuronal loss pattern in the dentate gyrus and CA3 area of hippocampus (Table 3). 
Type 1 shows partial neuronal loss in CA3 area in the entire hippocampus, and whereas 
Type 2 has complete neuronal loss in the temporal part of the dorsal hippocampus, and 
partial neuronal loss in CA3 area in the septal part of the dorsal hippocampus and ventral 
hippocampus at 2 months after PISE. In both types, neuronal loss in the hilus of the 
dentate gyrus is drastic, but in Type 2, granule cells showed obvious dispersion; 2) Mice 
with the 2 types of neuronal loss have differently reorganized mossy fiber projections at 2  
months after PISE (Fig. 19). Furthermore, mice with Type 1 neuronal loss have a higher 
ratio of SRS occurrence day to the total recording days than those with Type 2 neuronal 
loss; 3). Associational / commissural projections from calretinin immunopositive mossy 
cells almost disappear in mice with Type 2 neuronal loss (Fig.19). The specific patterns 
of neuron loss in hippocampal subareas were associated with significantly different 
reorganization of associational / commissural connections of the dentate gyrus (especially 
those from the ventral hippocampus) which may be involved in epileptogenesis with 
different mechanisms.  
 
The interruption of tri-synaptic connections in the gliotic hippocampus has challenged 
previous hypotheses of epileptogenesis (Sloviter, 1987, 1991; Santhakumar et al., 2000; 
Ratzliff et al., 2002; Sloviter et al., 2003). The present study showed that the outputs from 
the dentate gyrus of epileptic animals were reorganized. Compared to the distinct 





Chapter 5: Conclusions 
epileptic animals, the projections of mossy fibers with small axon terminals and boutons 
did not disappear in gliotic CA3 area. Furthermore, sprouted mossy fibers also projected 
to gliotic CA1 area in mice with both subtypes of neuronal loss. It therefore suggests that 
in the coronal plane of the gliotic hippocampus, surviving neurons in CA3 and CA1 areas 
may serve as a bridge to link the dentate gyrus to the subiculum, whereas in the 
longitudinal axis, pathological changes of associational / commissural connections may 
play some roles to integrate or dissociate the activity of the ventral hippocampus to or 
with the dorsal hippocampus, especially the septal part, where less neuronal loss occurs in 
CA3 and CA1 areas. Such two-dimensional changes of hippocampal connection may be 
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Scope for the future study 
The present study showed detailed cytoarchitectonic changes of the entire hippocampus 
and axon reorganization of neurons in the dentate gyrus. While scalp EEG and video 
recording did not show significant linkage between structural changes and the frequency 
of epileptic attacks, further multiple in-depth electrode recording in different parts of the 
hippocampus such as the dentate gyrus, CA3, and CA1 areas may shed light on the  
functional significance of axon sprouting or reorganization. In vivo or in vitro 
neurophysiological study on particularly reorganised pathways including axoaxonic 
contacts in gliotic CA3 area, connections between granule cells and surviving CA1 
neurons may provide evidence for better understanding the mechanism of epileptogenesis 
originated from gliotic hippocampus, and for correlating different patterns of neuronal 




















Acsady, L., Kamondi, A., Sik, A., Freund, T. and Buzsaki, G. 1998. GABAergic cells are 
the major postsynaptic targets of mossy fibers in the rat hippocampus. J. Neurosci., 18: 
3386–3403. 
 
Amaral, D.G. 1978. A Golgi study of cell types in the hilar region of the hippocampus in 
the rat. J. Comp. Neurol., 182: 851–914. 
 
Amaral, D.G. and Kurz, J. 1985. An analysis of the origins of the cholinergic and 
noncholinergic septal projections to the hippocampal formation of the rat. J. Comp. 
Neurol., 240: 37–59. 
 
Amaral, D.G. and Lavenex, P. 2007. Hippocampal neuroanatomy. In: Andersen P., 
Morris R., Amaral D., Bliss T. and O’Keefe J.  Eds.., The Hippocampus Book. Oxford 
University Press, New York, p. 872. 
 
Amaral, D.G., Scharfman, H.E., Lavenex, P., 2007. The dentate gyrus: fundamental 
neuroanatomical organization (dentate gyrus for dummies). Prog Brain Res. 163: 3–22. 
 
Ang, C.W., Carlson, G.C. and Coulter, D.A. 2006. Massive and specific dysregulation of 
direct cortical input to the hippocampus in temporal lobe epilepsy. J. Neurosci., 26: 
11850–11856. 
 
Arida, R.M., Scorza, C.A., Scorza, F.A., Gomes da Silva, S., da Graça Naffah-
Mazzacoratti, M. and Cavalheiro, E.A. 2007. Effects of different types of physical 
exercise on the staining of parvalbumin-positive neurons in the hippocampal formation of 
rats with epilepsy. Prog Neuropsychopharmacol Biol Psychiatry., 31(4):814-22.  
 
Babb TL, Brown WJ, Pretorius J, Davenport C, Lieb JP, Crandall PH. 1984. Temporal 
lobe volumetric cell densities in temporal lobe epilepsy. Epilepsia 25 (6):729-740. 
 
Babb TL, Kupfer WR, Pretorius JK, Crandall PH, Levesque MF. 1991. Synaptic 
reorganization by mossy fibers in human epileptic fascia dentata. Neuroscience 42:351–
363. 
 
Baimbridge K. G., Mody I. and Miller J. J. 1985. Reduction of rat hippocampal calcium-
binding protein following commissural, amygdala, septal, perforant path, and olfactory 
bulb kindling. Epilepsia 26, 460-465. 
 
Baimbridge KG, Celio MR, Rogers JH. 1992. Calcium-binding proteins in the nervous 
system.  Trends Neurosci. 15(8):303-8. 
 
Bakst, I., Avendan o, C., Morrison, J.H. and Amaral, D.G. 1986. An experimental 
analysis of the origins of the somatostatin immunoreactive fibers in the dentate gyrus of 







Bannerman DM, Yee BK, Good MA, Heupel MJ, Iversen SD, Rawlins JN. 1999. Double 
dissociation of function within the hippocampus: a comparison of dorsal, ventral, and 
complete hippocampal cytotoxic lesions. Behav Neurosci 113 (6):1170-1188. 
 
Bannerman DM, Deacon RM, Offen S, Friswell J, Grubb M, Rawlins JN. 2002. Double 
dissociation of function within the hippocampus: spatial memory and hyponeophagia. 
Behav Neurosci 116 (5):884-901. 
 
Bannerman DM, Grubb M, Deacon RM, Yee BK, Feldon J, Rawlins JN. 2003. Ventral 
hippocampal lesions affect anxiety but not spatial learning. Behav Brain Res 139 (1-
2):197-213. 
 
Bartolomei F, Wendling F, Regis J, Gavaret M, Guye M, Chauvel P. 2004. Pre-ictal 
synchronicity in limbic networks of mesial temporal lobe epilepsy. Epilepsy Res 61 (1-
3):89-104. 
 
Bausch, S.B. 2005. Axonal sprouting of GABAergic interneurons in temporal lobe 
epilepsy. Epilepsy Behav., 7: 390–400. 
 
Bausch, S.B., He S., Petrova Y., Wang X., and McNamara, JO. 2006. Plasticity of Both 
Excitatory and Inhibitory Synapses Is Associated With Seizures Induced by Removal of 
Chronic Blockade of Activity in Cultured Hippocampus. J Neurophysiol 96: 2151-2167. 
 
Behr, J., Lyson, K.J. and Mody, I. 1998. Enhanced propagation of epileptiform activity 
through the kindled dentate gyrus. J. Neurophysiol., 79: 1726–1732. 
 
Ben-Ari, Y. 1985. Limbic seizure and brain damage produced by kainic acid: 
mechanisms and relevance to human temporal lobe epilepsy. Neuroscience, 14: 375–404. 
 
Ben-Ari Y, Cossart R. 2000. Kainate, a double agent that generates seizures: two decades 
of progress. Trends Neurosci 23:580–587. 
 
Bengzon, J.K.Z., Elme′ r, E., Nanobashvili, A., Kokaia, M. and Lindvall, O. 1997. 
Apoptosis and proliferation of dentate gyrus neurons after single and intermittent limbic 
seizures. Proc. Natl. Acad. Sci., 94: 10432–10437. 
 
Bernard, C., Esclapez, M., Hirsch, J.C. & Ben-Ari, Y. (1998) Interneurones are not so 
dormant in temporal lobe epilepsy: a critical reappraisal of the dormant basket cell 
hypothesis. Epilepsy Res, 32, 93-103. 
 
Bertram, E.H. 1997. Functional anatomy of spontaneous seizures in a rat model of limbic 







Bertram, E.H., Zhang, D.X., Mangan, P., Fountain, N. and Rempe, D. 1998. Functional 
anatomy of limbic epilepsy: a proposal for central synchronization of a diffusely 
hyperexcitable network. Epilepsy Res., 32: 194–205. 
 
Bragin, A., Mody, I., Wilson, C.L. and Engel, J. 2002. Local generation of fast ripples in 
epileptic brain. J. Neurosci., 22: 2012–2021. 
 
Blackstad TW. 1956. Commissural connections of the hippocampal region in the rat, with 
special reference to their mode of termination. J Comp Neurol 105 (3):417-537. 
 
Blackstad, T. 1963. Ultrastructural studies on the hippocampal region. Prog. Brain Res., 3: 
122–148. 
 
Blackstad, T.W., Brink, K., Hem, J. and Jeune, B. 1970. Distribution of hippocampal 
mossy fibers in the rat. An experimental study with silver impregnation methods. J. 
Comp. Neurol., 138: 433–450. 
 
Blumcke, I., Beck, H., Nitsch, R., Eickhoff, C., Scheffler, B., Celio, M.R., Schramm, J., 
Elger, C.E., Wolf, H.K. and Wiestler, O.D. 1996. Preservation of calretinin-
immunoreactive neurons in the hippocampus of epilepsy patients with Ammon's horn 
sclerosis. J Neuropathol Exp Neurol., 55(3):329-41. 
 
Blumcke, I., Beck, H., Suter, B., Hoffmann, D., Födisch, H.J., Wolf, H.K., Schramm, J., 
Elger, C.E. and Wiestler, O.D. 1999. An increase of hippocampal calretinin-
immunoreactive neurons correlates with early febrile seizures in temporal lobe epilepsy. 
Acta Neuropathol., 97(1):31-9. 
 
Blumcke I, Suter B, Behle K, Kuhn R, Schramm J, Elger CE, Wiestler OD. 2000. Loss of 
hilar mossy cells in Ammon's horn sclerosis. Epilepsia 41 Suppl 6:S174-180. 
 
Borges K, Gearing M, McDermott DL, Smith AB, Almonte AG, Wainer BH, Dingledine 
R. 2003. Neuronal and glial pathological changes during epileptogenesis in the mouse 
pilocarpine model. Exp Neurol 182 (1):21-34. 
 
Borhegyi, Z. and Leranth, C. 1997. Distinct substance P- and calretinin-containing 
projections from the supramammillary area to the hippocampus in rats — a species 
difference between rats and monkeys. Exp. Brain Res., 115: 369–374. 
 
Boyett, J.M. and Buckmaster, P.S. 2001. Somatostatinimmunoreactive interneurons 
contribute to lateral inhibitory circuits in the dentate gyrus of control and epileptic rats. 
Hippocampus, 11: 418–422. 
 
Bragin A, Wilson CL, Fields T, Fried I, Engel J, Jr. 2005. Analysis of seizure onset on 







Brandt, C., Glien, M., Potschka, H., Volk, H., Loescher, W., 2003. Epileptogenesis and 
neuropathology after different types of status epilepticus induced by prolonged electrical 
stimulation of the basolateral amygdala in rats. Epilepsy Res. 55, 83–10 
 
Bruton CJ. 1988. The Neuropathology of Temporal Lobe Epilepsy. New York: Oxford 
University Press. Maudstey Monograph: No. 31. 
 
Buckmaster, P.S., Strowbridge, B.W., Kunkel, D.D., Schmiege, D.L. and Schwartzkroin, 
P.A. 1992. Mossy cell axonal projections to the dentate gyrus molecular layer in the rat 
hippocampal slice. Hippocampus, 2: 349–362. 
 
Buckmaster PS, Wenzel HJ, Kunkel DD, Schwartzkroin PA. 1996. Axon arbors and 
synaptic connections of hippocampal mossy cells in the rat in vivo. J Comp Neurol 366 
(2):271-292. 
 
Buckmaster, P.S. and Dudek, F.E. 1997. Neuron loss, granule cell axon reorganization, 
and functional changes in the dentate gyrus of epileptic kainate-treated rats. J. Comp. 
Neurol.,385: 385–404. 
 
Buckmaster PS, Jongen-Relo AL. 1999. Highly specific neuron loss preserves lateral 
inhibitory circuits in the dentate gyrus of kainate-induced epileptic rats. J Neurosci 19 
(21):9519-9529. 
 
Buzsaki G, Eidelberg E. 1981. Commissural projection to the dentate gyrus of the rat: 
evidence for feed-forward inhibition. Brain Res 230 (1-2):346-350. 
 
Buzsaki G, Eidelberg E. 1982. Direct afferent excitation and long-term potentiation of 
hippocampal interneurons. J Neurophysiol 48 (3):597-607. 
 
Cavazos, J.E., Das, I. and Sutula, T.P. 1994. Neuronal loss induced in limbic pathways by 
kindling: evidence for induction of hippocampal sclerosis by repeated brief seizures. J. 
Neurosci., 14: 3106–3121. 
 
Cavazos, J.E., Golarai, G. and Sutula, T.P. 1991. Mossy fiber synaptic reorganization 
induced by kindling: time course of development, progression, and permanence. J. 
Neurosci., 11: 2795–2803. 
 
Claiborne, B.J., Amaral, D.G. and Cowan, W.M. 1986. A light and electron microscopic 
analysis of the mossy fibers of the rat dentate gyrus. J. Comp. Neurol., 246: 435–458. 
 
Claiborne, B.J., Amaral, D.G. and Cowan, W.M. 1990. A quantitative three-dimensional 
analysis of granule cell dendrites in the rat dentate gyrus. J. Comp. Neurol., 302: 206–219. 
 
Cohen, I., Navarrao, V., Clemenceau, S., Baulac, M. and Miles, R. 1998. On the origin of 







Conrad, L.C.A., Leonard, C.M. and Pfaff, D.W. 1974. Connections of the median and 
dorsal raphe nuclei in the rat: an autoradiographic and degeneration study. J. Comp. 
Neurol., 156: 179–206. 
 
Crain, B.J., Westerkam, W.D., Harrison, A.H. and Nadler, J.V. 1988. Selective neuronal 
death after transient forebrain ischemia in the Mongolian gerbil: a silver impregnation 
study. Neuroscience, 27: 387–402. 
 
Davenport, D.J., Brown, W.J. and Babb, T.L. 1990. Sprouting of GABAergic and mossy 
fiber axons in dentate gyrus following intrahippocampal kainate in the rat. Exp. Neurol., 
109: 180–190. 
 
DeFelipe, J. 1999. Chandelier cells and epilepsy. Brain, 122 (Pt 10): 1807–1822. 
 
de Lanerolle NC, Kim JH, Robbins RJ, Spencer DD. 1989. Hippocampal interneuron loss 
and plasticity in human temporal lobe epilepsy. Brain Res 495 (2):387-395. 
 
Deller T, Nitsch R, Frotscher M. 1995. Phaseolus vulgaris-leucoagglutinin tracing of 
commissural fibers to the rat dentate gyrus: evidence for a previously unknown 
commissural projection to the outer molecular layer. J Comp Neurol 352 (1):55-68. 
 
Deller T. 1998. The anatomical organization of the rat fascia dentata: new aspects of 
laminar organization as revealed by anterograde tracing with Phaseolus vulgaris-
Luecoagglutinin  PHAL.. Anat Embryol  Berl. 197 (2):89-103. 
 
Deller T, Nitsch R, Frotscher M. 1996a. Heterogeneity of the commissural projection to 
the rat dentate gyrus: a Phaseolus vulgaris leucoagglutinin tracing study. Neuroscience 75 
(1):111-121. 
 
Deller T, Adelmann G, Nitsch R, Frotscher M. 1996b. The alvear pathway of the rat 
hippocampus. Cell Tissue Res 286 (3):293-303. 
 
Deller T, Martinez A, Nitsch R, Frotscher M. 1996c. A novel entorhinal projection to the 
rat dentate gyrus: direct innervation of proximal dendrites and cell bodies of granule cells 
and GABAergic neurons. J Neurosci 16 (10):3322-3333. 
 
Dent, J.A., Galvin, N.J., Stanfield, B.B. and Cowan, W.M. 1983. The mode of 
termination of the hypothalamic projection to the dentate gyrus: An EM autoradiographic 
study. Brain Res., 258: 1–10. 
 
Desmond, N.L. and Levy, W.B. 1985. Granule cell dendritic spine density in the rat 







Doherty, J. and Dingledine, R. 2001. Reduced excitatory drive onto interneurons in the 
dentate gyrus after status epilepticus. J. Neurosci., 21: 2048–2057. 
 
Douglas RM, McNaughton BL, Goddard GV. 1983. Commissural inhibition and 
facilitation of granule cell discharge in fascia dentata. J Comp Neurol 219 (3):285-294. 
 
Dudek, F.E., Shao, L. 2004. Mossy Fiber Sprouting and Recurrent Excitation: Direct 
Electrophysiologic Evidence and Potential Implications. Epilepsy Curr., 4(5): 184–187.  
 
Engel, J. 1989. Seizures and Epilepsy  Contemporary Neurology Series.. F.A. Davis 
Company, Philadelphia, PA. 
 
Esclapez, M. & Houser, C.R. (1999) Up-regulation of GAD65 and GAD67 in remaining 
hippocampal GABA neurons in a model of temporal lobe epilepsy. J Comp Neurol, 412, 
488-505. 
 
Ferrari, D., Cysneiros, R.M., Scorza, C.A., Arida, R.M., Cavalheiro, E.A., de Almeida, 
A.C. and Scorza, F.A. 2008. Neuroprotective activity of omega-3 fatty acids against 
epilepsy-induced hippocampal damage: Quantification with immunohistochemical for 
calcium-binding proteins. Epilepsy Behav.13(1):36-42. 
 
Freund, T.F. and Buzsaki, G. 1996. Interneurons of the hippocampus. Hippocampus, 6: 
347–470. 
 
Fricke R, Cowan WM. 1978. An autoradiographic study of the commissural and 
ipsilateral hippocampo-dentate projections in the adult rat. J Comp Neurol 181 (2):253-
269. 
 
Frotscher M, Seress L, Schwerdtfeger WK, Buhl E. 1991. The mossy cells of the fascia 
dentata: a comparative study of their fine structure and synaptic connections in rodents 
and primates. J Comp Neurol 312 (1):145-163. 
 
Frotscher, M. 1992. Application of the Golgi/electron microscopy technique for cell 
identification in immunocytochemical, retrograde labeling, and developmental studies of 
hippocampal neurons. Microsc. Res. Tech., 23: 306–323. 
 
Gaarskjaer, F.B. 1978a. Organization of the mossy fiber system of the rat studied in 
extended hippocampi. II. Experimental analysis of fiber distribution with silver 
impregnation methods. J. Comp. Neurol., 178: 73–88. 
 
Gaarskjaer, F.B. 1978b. Organization of the mossy fiber system of the rat studied in 
extended hippocampi. I. Terminal area related to number of granule and pyramidal cells. 







Gaarskjaer, F.B. 1981. The hippocampal mossy fiber system of the rat studied with 
retrograde tracing techniques. Correlation between topographic organization and 
neurogenetic gradients. J. Comp. Neurol., 203: 717–735. 
 
Gloor, P. 1997. The temporal lobe and limbic system. Oxford University Press 
 
Gorter, J.A., van Vliet, E.A., Aronica, E. and Lopes da Silva, F.H.  2001. Progression of 
spontaneous seizures after status epilepticus is associated with mossy fibre sprouting and 
extensive bilateral loss of hilar parvalbumin and somatostatinimmunoreactive neurons. 
Eur. J. Neurosci., 13: 657–669. 
 
Han, Z.S., Buhl, E.H., Lorinczi, Z. and Somogyi, P. 1993. A high degree of spatial 
selectivity in the axonal and dendritic domains of physiologically identified local-circuit 
neurons in the dentate gyrus of the rat hippocampus. Eur. J. Neurosci., 5: 395–410. 
 
Heinemann, U., Beck, H., Dreier, J.P., Ficker, E., Stabel, J. and Zhang, C.L. 1992. The 
dentate gyrus as a regulated gate for the propagation of epileptiform activity. Epilepsy 
Res. Suppl., 7: 273–280. 
 
Heizmann, C.W. 1984. Parvalbumin, an intracellular calcium-binding protein; 
distribution, properties and possible roles in mammalian cells. Experientia., 40(9):910-21.  
 
Hjorth-Simonsen, A. and Jeune, B. 1972. Origin and termination of the hippocampal 
perforant path in the rat studied by silver impregnation. J. Comp. Neurol., 144: 215–232. 
 
Hof, P.R., Glezer, II, Condé, F., Flagg, R.A., Rubin, M.B., Nimchinsky, E.A., and Vogt 
Weisenhorn, D.M. 1999. Cellular distribution of the calcium-binding proteins 
parvalbumin, calbindin, and calretinin in the neocortex of mammals: phylogenetic and 
developmental patterns. J Chem Neuroanat., 16(2):77-116. 
 
Hogan RE, Carne RP, Kilpatrick CJ, Cook MJ, Patel A, King L, O'Brien T J. 2007. 
Hippocampal deformation mapping in MRI-negative PET-positive temporal lobe 
epilepsy. J Neurol Neurosurg Psychiatry. 79 (6):636-40.. 
 
Houser CR, Miyashiro JE, Swartz BE, Walsh GO, Rich JR, Delgado- Escueta AV 1990. 
Altered patterns of dynorphin immunoreactivity suggest mossy fiber reorganization in 
human hippocampal epilepsy. J Neurosci 10:267–282. 
 
Houser, C.R. and Esclapez, M. 1996. Vulnerability and plasticity of the GABA system in 
the pilocarpine model of spontaneous recurrent seizures. Epilepsy Res., 26: 207–218. 
 
Hsu, M. and Buzsaki, G. 1993. Vulnerability of mossy fiber targets in the rat 







Hwang, I., Kim, D.W., Yoo, K.Y., Kang, T.C., Kim, Y., Kwon, D., Moon, W.K. and 
Won, M. 2007. Parvalbumin immunoreactivity and protein content alter in the 
hippocampus after adrenalectomy in seizure sensitive gerbils. Neurol Res., 29(5):441-8.  
 
Iijima, T., Witter, M.P., Ichikawa, M., Tominage, T., Kajiwara, R. and Matsumoto, G. 
1996. Entorhinal-hippocampal interactions revealed by real-time imaging. Science, 272: 
1176–1179. 
 
Isokawa M, LevesqueMF, Babb TL, Engel J Jr 1993. Single mossy fiber axonal systems 
of human dentate granule cells studied in hippocampal slices from patients with temporal 
lobe epilepsy. J Neurosci 13:1511–1522. 
 
Kapur, J., Haas, K.F. and Macdonald, R.L. 1999. Physiological properties of GABAA 
receptors from acutely dissociated rat dentate granule cells. J. Neurophysiol., 81: 2464–
2471. 
 
Kiss, J., Csaki, A., Bokor, H., Shanabrough, M. and Leranth, C.  2000. The 
supramammillo-hippocampal and supramammillo-septal glutamatergic/aspartatergic 
projections in the rat: a combined. Neuroscience, 97: 657–669. 
 
Kjelstrup KG, Tuvnes FA, Steffenach HA, Murison R, Moser EI, Moser MB. 2002. 
Reduced fear expression after lesions of the ventral hippocampus. Proc Natl Acad Sci 
USA 99 (16):10825-10830. 
 
Kobayashi, M. and Buckmaster, P.S.  2003. Reduced inhibition of dentate granule cells in 
a model of temporal lobe epilepsy. J. Neurosci., 23: 2440–2452. 
 
Kohler, C. and Steinbusch, H. 1982. Identification of serotonin and non-serotonin-
containing neurons of the mid-brain raphe projecting to the entorhinal area and the 
hippocampal formation. A combined immunohistochemical and fluorescent retrograde 
tracing study in the rat brain. Neuroscience, 7: 951–975. 
 
Kohler, C. 1985. Intrinsic projections of the retrohippocampal region in the rat brain. I. 
The subicular complex. J. Comp. Neurol., 236: 504–522. 
 
Kohr G., DeKoninck Y. and Mody I. 1993. Properties of NMDA receptor channels in 
neurons acutely isolated from epileptic (kindled) rats. J. Neurosci. 13, 3612-3627. 
 
Kohr G. and Mody I. 1994. Kindling increases NMDA potency at single NMDA 
channels in dentate gyrus granule ceils. Neuroscience 62, 975-981. 
 
Laatsch, R.H. and Cowan, W.M. 1966. Electron microscopic studies of the dentate gyrus 
of the rat. I. Normal structure with special reference to synaptic organization. J. Comp. 







Laurberg S, Sorensen KE. 1981. Associational and commissural collaterals of neurons in 




Lorente de No′, R. 1934. Studies on the structure of the cerebral cortex. II. Continuation 
of the study of the ammonic system. J. Psychol. Neurol. Lpz., 46: 113–177. 
 
Lothman, E.W., Bertram, E.H., Kapur, J. and Stringer, J.L. 1990. Recurrent spontaneous 
hippocampal seizures in the rat as a chronic sequela to limbic status epilepticus. Epilepsy 
Res., 6: 110–118. 
 
Lothman, E.W., Stringer, J.L. and Bertram, E.H. 1992. The dentate gyrus as a control 
point for seizures in the hippocampus and beyond. Epilepsy Res. Suppl., 7: 301–313. 
 
Lothman EW, Bertram III EH 1993. Epileptogenic effects of status epilepticus. Epilepsia 
34[Suppl 1]:S59–70. 
 
Loughlin, S.E., Foote, S.L. and Bloom, F.E. 1986. Efferent projections of nucleus locus 
coeruleus: topographic organization of cells of origin demonstrated by three-dimensional 
reconstruction. Neuroscience, 18: 291–306. 
 
Lowenstein, D.H., Thomas, M.J., Smith, D.H. and McIntosh, T.K. 1992. Selective 
vulnerability of dentate hilar neurons following traumatic brain injury: a potential 
mechanistic link between head trauma and disorders of the hippocampus. J. Neurosci., 12: 
4846–4853. 
 
Lubbers, K. and Frotscher, M. 1987. Fine structure and synaptic connections of identified 
neurons in the rat fascia dentata. Anat. Embryol.  Berl.., 177: 1–14. 
 
Luebke, J., Deller, T. and Frotscher, M. 1997. Septal innervation of mossy cells in the 
hilus of the rat dentate gyrus — an anterograde tracing and intracellular labeling study. 
Exp. Brain Res., 114: 423–432. 
 
Ma DL, Tang YC, Chen PM, Chia SC, Jiang FL, Burgunder JM, Lee WL, Tang FR. 2006. 
Reorganization of CA3 area of the mouse hippocampus after pilocarpine induced 
temporal lobe epilepsy with special reference to the CA3-septum pathway. J Neurosci 
Res 83 (2):318-331. 
 
Magloczky, Z., Acsady, L. and Freund, T.F. 1994. Principal cells are the postsynaptic 








Maglóczky Z, Halász P, Vajda J, Czirják S, Freund TF. 1997. Loss of Calbindin-D28K 
immunoreactivity from dentate granule cells in human temporal lobe epilepsy. 
Neuroscience., 76(2):377-85. 
 
Margerison, J.H. and Corsellis, J.A. 1966. Epilepsy and the temporal lobes. A clinical, 
electroencephalographic and neuropathological study of the brain in epilepsy, with 
particular reference to the temporal lobes. Brain, 89: 499–530. 
 
Mathern GW, Babb TL, Pretorius JK, Melendez M, Levesque MF. 1995. The 
pathophysiologic relationships between lesion pathology, intracranial ictal EEG onsets, 
and hippocampal neuron losses in temporal lobe epilepsy. Epilepsy Res, 21 (2):133-147. 
 
McLardy, T. and Kilmer, W.L. 1970. Hippocampal circuitry. Am. Psychol., 25: 563–566. 
 
Mello, L.E., Cavalheiro, E.A., Tan, A.M., Kupfer, W.R., Pretorius, J.K., Babb, T.L., 
Finch, D.M. 1993. Circuit mechanisms of seizures in the pilocarpine model of chronic 
epilepsy: cell loss and mossy fiber sprouting. Epilepsia, 34(6):985-95. 
 
Miller J. J. and Baimbridge K. G. 1983. Biochemical and immunohistochemical 
correlates of kindling induced epilepsy: role of calcium binding protein. Brain Res. 278, 
322-326. 
 
Moore, R.Y. and Halaris, A.E. 1975. Hippocampal innervation by serotonin neurons of 
the midbrain raphe in the rat. J. Comp. Neurol., 164: 171–184 
 
Morrison, J.H., Benoit, R., Magistretti, P.J., Ling, N. and Bloom, F.E. 1982. 
Immunohistochemical distribution of prosomatostatin-related peptides in hippocampus. 
Neurosci. Lett., 34: 137–142. 
 
Moser E, Moser MB, Andersen P. 1993. Spatial learning impairment parallels the 
magnitude of dorsal hippocampal lesions, but is hardly present following ventral lesions. 
J Neurosci 13 (9):3916-3925. 
 
Moser MB, Moser EI, Forrest E, Andersen P, Morris RG. 1995. Spatial learning with a 
minislab in the dorsal hippocampus. Proc Natl Acad Sci USA 92 (21):9697-9701. 
 
Mosko, S., Lynch, G. and Cotman, C.W. 1973. The distribution of septal projections to 
the hippocampus of the rat. J. Comp. Neurol., 152: 163–174. 
 
Nadler, J.V. 1991. Kainic acid as a tool for the study of temporal lobe epilepsy. Life Sci., 
29: 2031–2042. 
 
Nairismägi J, Gröhn OH, Kettunen MI, Nissinen J, Kauppinen RA, Pitkänen A. 2004. 






epileptogenesis: a quantitative MRI study in a rat model of temporal lobe epilepsy. 
Epilepsia. 45 (9):1024-34. 
 
Nafstad, P.H.J. 1967. An electron microscope study on the termination of the perforant 
path fibres in the hippocampus and the fascia dentata. Zeitsch. Zellforsch. Mikrosk. Anat., 
76: 532–542. 
 
Nissinen, J., Hallonen, T., Koivisto, E. and Pitkanen, A. 2000. A new model of chronic 
temporal lobe epilepsy induced by electrical stimulation of the amygdala in rat. Epilepsy 
Research., 38: 177-205. 
 
Obenaus, A., Esclapez, M. and Houser, C.R. 1993. Loss of glutamate decarboxylase 
mRNA-containing neurons in the rat dentate gyrus following pilocarpine-induced 
seizures. J. Neurosci., 13: 4470–4485. 
 
Paxinos G, Franklin KBJ. 2001. The mouse brain in stereotaxic coordinates. 2nd Edition. 
San Diego: Academic Press. 
 
Pickel, V.M., Segal, M. and Bloom, F.E. 1974. A radioautographic study of the efferent 
pathways of the nucleus locus coeruleus. J. Comp. Neurol., 155: 15–42. 
 
Pitkanen, A. Nissinen, J. Nairismagi, J. Lukasiuk, K. Grohn, O, Miettinen, R. and 
Kauppinen, R.  2002. Progression of neuronal damage after status epilepticus and during 
spontaneous seizures in a rat model of temporal lobe epilepsy. Prog Brain Res., 135: 67-
83. 
 
Pitkänen A, Nissinen J, Lukasiuk K, Jutila L, Paljärvi L, Salmenperä T, Karkola K, 
Vapalahti M, Ylinen A. 2000. Association between the density of mossy fiber sprouting 
and seizure frequency in experimental and human temporal lobe epilepsy. Epilepsia. 41 
Suppl 6:S24-9 
 
Pothuizen HH, Zhang WN, Jongen-Relo AL, Feldon J, Yee BK. 2004. Dissociation of 
function between the dorsal and the ventral hippocampus in spatial learning abilities of 
the rat: a within-subject, within-task comparison of reference and working spatial 
memory. Eur J Neurosci 19 (3):705-712. 
 
Racine RJ. 1972. Modification of seizure activity by electrical stimulation. II. Motor 
seizure. Electroencephalogr Clin Neurophysiol 32 (3):281-294. 
 
Ramon y Cajal, S. 1911. Histologie du Systeme Nerveux del’Homme et des Vertebres, 
Vol. 2. Maloine, Paris. 
 
Rapp, P.R. and Gallagher, M. 1996. Preserved neuron number in the hippocampus of 







Ratzliff, A.H., Santhakumar, V., Howard, A. & Soltesz, I. (2002) Mossy cells in epilepsy: 
rigor mortis or vigor mortis? Trends Neurosci, 25, 140-144. 
 
Ribak, C.E., Vaughn, J.E. and Saito, K. 1978. Immunocytochemical localization of 
glutamic acid decarboxylase in neuronal somata following colchicine inhibition of axonal 
transport. Brain Res., 140: 315–332. 
 
Ribak, C.E. and Seress, L. 1983. Five types of basket cell in the hippocampal dentate 
gyrus: a combined Golgi and electron microscopic study. J. Neurocytol., 12: 577–597. 
 
Ribak, C.E., Seress, L. and Amaral, D.G. 1985. The development, ultrastructure and 
synaptic connections of the mossy cells of the dentate gyrus. J. Neurocytol., 14: 835–857. 
 
Ribak, C.E., Seress, L., Peterson, G.M., Seroogy, K.B., Fallon, J.H. and Schmued, L.C. 
1986. A GABAergic inhibitory component within the hippocampal commissural pathway. 
J. Neurosci., 6: 3492–3498. 
 
Ribak, C.E. 1992. Local circuitry of GABAergic basket cells in the dentate gyrus. 
Epilepsy Res. Suppl., 7: 29–47. 
 
Richmond MA, Yee BK, Pouzet B, Veenman L, Rawlins JN, Feldon J, Bannerman DM. 
1999. Dissociating context and space within the hippocampus: effects of complete, dorsal, 
and ventral excitotoxic hippocampal lesions on conditioned freezing and spatial learning. 
Behav Neurosci 113 (6):1189-1203. 
 
Rosene DL, van Hoesen GW. 1987. The hippocampal formation of the primate brain. In: 
Jones EG and Peters A  eds., Cerebral Cortex, Vol. 6, Further Aspects of Cortical 
Functions, Including Hippocampus, Plenum Press, New York and London: 345-456. 
 
Sayin, Rutecki, P. & Sutula, T. (1999) NMDA-dependent currents in granule cells of the 
dentate gyrus contribute to induction but not permanence of kindling. J Neurophysiol, 81, 
564-574. 
 
Scharfman, H.E. 1994. Evidence from simultaneous intracellular recordings in rat 
hippocampal slices that area CA3 pyramidal cells innervate dentate hilar mossy cells. J. 
Neurophysiol., 72: 2167–2180. 
 
Scharfman HE. 1995. Electrophysiological evidence that dentate hilar mossy cells are 
excitatory and innervate both granule cells and interneurons. J Neurophysiol 74 (1):179-
194. 
 
Scharfman HE, Smith KL, Goodman JH, Sollas AL. 2001. Survival of dentate hilar 
mossy cells after pilocarpine-induced seizures and their synchronized burst discharges 







Semah F, Picot M-C, Adam C, et al. 1998. Is the underlying cause of epilepsy a major 
prognostic factor for recurrence? Neurology 51:1256–62. 
 
Seress, L. and Pokorny, J. 1981. Structure of the granular layer of the rat dentate gyrus. A 
light microscopic and Golgi study. J. Anat., 133: 181–195. 
 
Seress, L. and Ribak, C.E. 1983. GABAergic cells in the dentate gyrus appear to be local 
circuit and projection neurons. Exp. Brain Res., 50: 173–182. 
 
Seress, L. and Ribak, C.E. 1985. A substantial number of asymmetric axosomatic 
synapses is a characteristic of the granule cells of the hippocampal dentate gyrus. 
Neurosci. Lett., 56: 21–26. 
 
Seroogy, K.B., Seress, L. and Ribak, C.E. 1983. Ultrastructure of commissural neurons of 
the hilar region in the hippocampal dentate gyrus. Exp. Neurol., 82: 594–608. 
 
Shao, L.-R. and Dudek, F.E.  2005. Changes in mIPSCs and sIPSCs after kainate 
treatment: evidence for loss of inhibitory input to dentate granule cells and possible 
compensatory responses. J. Neurophysiol., 94: 952–960. 
 
Shorvon SD, Dreifuss F, Fish D, Thomas D  eds.. 1996. The Treatment of Epilepsy. 1st 
Ed. Blackwell Science, Oxford, ISBN 0-632-03782-2. p835. 
 
Sik A, Penttonen M, Buzsaki G. 1997. Interneurons in the hippocampal dentate gyrus: an 
in vivo intracellular study. Eur J Neurosci 9 (3):573-588. 
 
Sloviter, R.S. 1987. Decreased hippocampal inhibition and a selective loss of 
interneurons in experimental epilepsy. Science, 235: 73–76. 
 
Sloviter, R.S. 1991. Permanently altered hippocampal structure, excitability, and 
inhibition after experimental status epilepticus in the rat: the ‘‘dormant basket cell’’ 
hypothesis and its possible relevance to temporal lobe epilepsy. Hippocampus, 1: 41–66. 
 
Sloviter, R.S., Sollas, A.L., Barbaro, N.M., and Laxer, K.D. 1991a. Calcium-binding 
protein (calbindin-D28K) and parvalbumin immunocytochemistry in the normal and 
epileptic human hippocampus. J Comp Neurol., 308:381–396 
 
Sloviter, R.S., Zappone, C.A., Harvey, B.D., Bumanglag, A.V., Bender, R.A. and 
Frotscher, M.  2003. “Dormant basket cell” hypothesis revisited: relative vulnerabilities 
of dentate gyrus mossy cells and inhibitory interneurons after hippocampal status 
epilepticus in the rat. J. Comp. Neurol., 459: 44–76. 
 
Sloviter RS, Zappone CA, Harvey BD, Frotscher M.  2006. Kainic Acid-Induced 






Anatomical Substrate of Granule Cell Hyperinhibition in Chronically Epileptic Rats. J 
Comp Neurol. 494 (6):944-60. 
 
Soriano, E. and Frotscher, M. 1989. A GABAergic axo-axonic cell in the fascia dentata 
controls the main excitatory hippocampal pathway. Brain Res., 503: 170–174. 
 
Soriano, E. and Frotscher, M. 1994. Mossy cells of the rat fascia dentata are glutamate-
immunoreactive. Hippocampus, 4: 65–69. 
 
Spencer SS, Kim J, deLanerolle N, et al. 1999. Differential neuronal and glial relations 
with parameters of ictal discharge in mesial temporal lobe epilepsy. Epilepsia. 40:708–12. 
 
Spencer SS, Marks D, Katz A, Kim J, and Spencer DD. 1992. Anatomic Correlates of 
Interhippocampal Seizure Propagation Time. Epilepsia, 33 (5):862-873. 
 
Stables, J.P., Bertram, E., Dudek, F.E., Holmes, G., Mathern, G., Pitkanen, A. and White, 
H.S.  2003. Therapy discovery for pharmacoresistant epilepsy and for disease-modifying 
therapeutics: summary of the NIH/NINDS/AES Models II Workshop. Epilepsia, 44: 
1472–1478. 
 
Stephen LJ, Kwan P, Brodie MJ. 2001. Does the cause of localisationrelated epilepsy 
influence the response to antiepileptic drug treatment? Epilepsia 42:357–62. 
 
Steward, O. and Scoville, S.A. 1976. Cells of origin of entorhinal cortical afferents to the 
hippocampus and fascia dentate of the rat. J. Comp. Neurol., 169: 347–370. 
 
Steward, O. and Ribak, C.E. 1986. Polyribosomes associated with synaptic 
specializations on axon initial segments: localization of protein-synthetic machinery at 
inhibitory synapses. J. Neurosci., 6: 3079–3085. 
 
Steward O, Tomasulo R, Levy WB. 1990. Blockade of inhibition in a pathway with dual 
excitatory and inhibitory action unmasks a capability for LTP that is otherwise not 
expressed. Brain Res 516 (2):292-300. 
 
Struble, R.G., Desmond, N.L. and Levy, W.B. 1978. Anatomical evidence for 
interlamellar inhibition in the fascia dentata. Brain Res., 152: 580–585. 
 
Stringer, J.L. and Lothman, E.W. 1992. Bilateral maximal dentate activation is critical for 
the appearance of an afterdischarge in the dentate gyrus. Neuroscience, 46: 309–314. 
 
Sutula, T.P. and Steward, O. 1986. Quantitative analysis of synaptic potentiation during 
kindling of the perforant path. J. Neurophysiol., 56: 732–746. 
 
Sutula, T.P. and Steward, O. 1987. Facilitation of kindling by prior induction of long-







Sutula T, Cascino G, Cavazos J, Parada I, Ramirez L 1989. Mossy fiber synaptic 
reorganization in the epileptic human temporal lobe. Ann Neurol 26:321–330 
 
Swanson, L.W. and Hartman, B.K. 1975. The central adrenergic system. An 
immunofluorescence study of the location of cell bodies and their efferent connections in 
the rat utilizing dopamine-beta-hydroxylase as a marker. J. Comp. Neurol., 163: 467–506. 
 
Swanson, L.W., Wyss, J.M. and Cowan, W.M. 1978. An autoradiographic study of the 
organization of intrahippocampal association pathways in the rat. J. Comp. Neurol., 181: 
681–716. 
 
Swanson LW, Sawchenko PE, Cowan WM. 1981. Evidence for collateral projections by 
neurons in Ammon's horn, the dentate gyrus, and the subiculum: a multiple retrograde 
labeling study in the rat. J Neurosci 1 (5):548-559. 
 
Swanson TH. 1995. The pathophysiology of human mesial temporal lobe epilepsy. J Clin 
Neurophysiol 12 (1):2-22. 
Tamamaki, N. and Nojyo, Y. 1993. Projection of the entorhinal layer-II neurons in the rat 
as revealed by intracellular pressure-injection of neurobiotin. Hippocampus, 3: 471–480. 
 
Tang FR, Chia SC, Jiang FL, Ma DL, Chen PM, Tang YC. 2006. Calcium binding 
protein containing neurons in the gliotic mouse hippocampus with special reference to 
their afferents from the medial septum and the entorhinal cortex. Neuroscience 140 
(4):1467-1479. 
 
Tang FR, Chia SC, Zhang S, Chen PM, Gao H, Liu CP, Khanna S, Lee WL. 2005. 
Glutamate receptor 1-immunopositive neurons in the gliotic CA1 area of the mouse 
hippocampus after pilocarpine-induced status epilepticus. Eur J Neurosci 21 (9):2361-
2374. 
 
Tang FR, Chia SC, Chen PM, Gao H, Lee WL, Yeo TS, Burgunder JM, Probst A, Sim 
MK, Ling EA. 2004. Metabotropic glutamate receptor 2/3 in the hippocampus of patients 
with mesial temporal lobe epilepsy, and of rats and mice after pilocarpine-induced status 
epilepticus. Epilepsy Res 59 (2-3):167-180. 
 
Tang FR, Lee WL. 2001. Expression of the group II and III metabotropic glutamate 
receptors in the hippocampus of patients with mesial temporal lobe epilepsy. J 
Neurocytol 30 (2):137-143. 
 
Tang FR, Lee WL, Gao H, Chen Y, Loh YT, Chia SC. 2004. Expression of different 
isoforms of protein kinase C in the rat hippocampus after pilocarpine-induced status 








Tang FR, Lee WL, Yang J, Sim MK, Ling EA. 2001. Metabotropic glutamate receptor 8 
in the rat hippocampus after pilocarpine induced status epilepticus. Neurosci Lett 300 
(3):137-140. 
 
Toth, Z., Hollrigel, G.S., Gorcs, T. and Solesz, I. 1997. Instantaneous perturbation of 
dentate interneuronal networks by a pressure wave-transient delivered to the neocortex. J. 
Neurosci., 17: 8106–8117. 
 
Turski, W.A., Cavalheiro, E.A., Schwarz, M., Czuczwar, S.J., Kleinrok, Z. and Turski, L. 
1983. Limbic seizures produced by pilocarpine in rats: behavioural, 
electroencephalographic and neuropathological study. Behav. Brain Res., 9: 315–335 In: 
H. Scharfman  Ed.., The Dentate Gyrus. Progress in Brain Research. Elsevier, 
Amsterdam. 
 
van Vliet EA, Aronica E, Tolner EA, Lopes da Silva FH, Gorter JA. 2004. Progression of 
temporal lobe epilepsy in the rat is associated with immunocytochemical changes in 
inhibitory interneurons in specific regions of the hippocampal formation. Exp Neurol., 
187(2):367-79. 
 
Vertes, R.P. 1993. PHA-L analysis of projections from the supramammillary nucleus in 
the rat. J. Comp. Neurol., 326: 595–622. 
 
Vertes, R.P., Fortin, W.J. and Crane, A.M. 1999. Projections of the median raphe nucleus 
in the rat [Review]. J. Comp. Neurol., 407: 555–582. 
 
Volk HA, Arabadzisz D, Fritschy JM, Brandt C, Bethmann K, Löscher W.  2006. 
Antiepileptic drug-resistant rats differ from drug-responsive rats in hippocampal 
neurodegeneration and GABA A. receptor ligand binding in a model of temporal lobe 
epilepsy. Neurobiol Dis.; 21 (3):633-46. 
 
Vossler DG, Kraemer DL, Haltiner AM, Rostad SW, Kjos BO, Davis BJ, Morgan JD, 
Caylor LM. 2004. Intracranial EEG in temporal lobe epilepsy: location of seizure onset 
relates to degree of hippocampal pathology. Epilepsia 45 (5):497-503. 
 
Walker, M.C., Ruiz, A. and Kullmann, D.M. 2002. Do mossy fibers release GABA? 
Epilepsia, 43: 196–202. 
 
Wenzel HJ, Buckmaster PS, Anderson NL, Wenzel ME, Schwartzkroin PA. 1997. 
Ultrastructural localization of neurotransmitter immunoreactivity in mossy cell axons and 
their synaptic targets in the rat dentate gyrus. Hippocampus 7 (5):559-570. 
 
West, M.J., Slomianka, L. and Gundersen, H.J.G. 1991. Unbiased stereological 
estimation of the total number of neurons in the subdivisions of the rat hippocampus 







Wierenga, C.J. and Wadman, W.J. 1999. Miniature inhibitory postsynaptic currents in 
CA1 pyramidal neurons after kindling epileptogenesis. J. Neurophysiol., 82: 1352–1362. 
 
Wieser HG. 2004. ILAE Commission Report. Mesial temporal lobe epilepsy with 
hippocampal sclerosis. Epilepsia 45 (6):695-714.  
 
Wieser HG, Ortega M, Friedman A, et al. 2003. Long-term seizure outcomes following 
amygdalohippocampectomy. J Neurosurg 98:751–63. 
 
Williams, P.A., Pou, P. and Dudek, F.E.  2004. Epilepsy and synaptic reorganization in a 
model of perinatal hypoxia-ischemia. Epilepsia, 45: 1210–1218. 
 
Wyss, J.M., Swanson, L.W. and Cowan, W.M. 1979. Evidence for an input to the 
molecular layer and the stratum granulosum of the dentate gyrus from the 
supramammillary region of the hypothalamus. Anat. Embryol., 156: 165–176. 
 
Yan, X.X., Spigelman, I., Tran, P.H. and Ribak, C.E.  2001. Atypical features of rat 
dentate granule cells: recurrent basal dendrites and apical axons. Anat. Embryol.  Berl.., 
203: 203–209. 
 
Zappone CA, Sloviter RS. 2001. Commissurally projecting inhibitory interneurons of the 
rat hippocampal dentate gyrus: a colocalization study of neuronal markers and the 
retrograde tracer Fluoro-gold. J Comp Neurol 441 (4):324-344. 
 
Zappone CA, Sloviter RS. 2004. Translamellar disinhibition in the rat hippocampal 
dentate gyrus after seizure-induced degeneration of vulnerable hilar neurons. J Neurosci 
24 (4):853-864. 
 
Zhu, Z.Q., Armstrong, D.L., Hamilton, W.J., Grossman, R.G. 1997. Disproportionate loss 
of CA4 parvalbumin-immunoreactive interneurons in patients with Ammon’s horn 
sclerosis. J Neuropathol Exp Neurol., 56:988–998. 
 
Zimmer J. 1971. Ipsilateral afferents to the commissural zone of the fascia dentata, 























Figure 1: A glass micropipette was lowered into the hilus and granule cell layer of the 
dentate gyrus at septal part (A, B), temporal part (C, D) part of dorsal hippocampus, and 
ventral hippocampus (E, F) according to the coordinates, respectively. PHA-L or CTB 
was delivered iontophoretically and their injection centers were evaluated after 
immunochemistry staining and CVA counterstaining (Black dots in B, D, F). Only the 




























Figure 2: In Telemetry study on the mice after Pilocarpine-induced status epilepticus, the 
EEG signals were telemetrically received via HF receiver which passed to the computer. 
Signals were then read by the TSE TeleSys data acquisition and analysis program as 
shown in A, C, E, and G. Video camera recording was done simultaneously 24 hrs/per day. 
Compared with non-SRS period (A, B), correlation of EEG signals and video data 
accurately defined stages of spontaneous recurrent seizures as beginning (C, D), rearing 



























Figure 3: NeuN immunocytochemistry shows different patterns of neuronal loss in the 
hippocampi (A, B, C: the septal part of the dorsal hippocampus; D, E, F, the temporal part 
of the dorsal hippocampus, G, H, I: the ventral hippocampus). Compared to the three 
parts of hippocampus (A, D, G) from the control mice, in Type I neuronal loss, while 
most of CA3 neurons have disappeared at 2 month after status epilepticus, some still exist 
in CA3 area of the temporal part of the hippocampus (E), partial neuronal loss also occurs 
in CA3 area in the septal part of the dorsal hippocampus (B) and ventral hippocampus 
(H). In Type 2, CA3 neurons have almost disappeared in the temporal part of the 
hippocampus (F), but in the septal part of the dorsal hippocampus (C) and ventral 
























Figure 4: Quantitative study of NeuN immunocytochemistry in different patterns of 
neuronal loss in the hippocampi indicates significant reduction of neuronal numbers in 
different layers of the septal (A1-A7), temporal (B1-B7) parts of the dorsal hippocampus 


































Figure 5: Mossy fiber projections from the detent gyrus in the septal part of dorsal 
hippocampus shown by PHA-L immunopositive staining with CVA counterstaining (A, B) 
or PHA-L double-labeling with calbindin (CB) (C), calretinin (CR) (D), or parvalbumin 
(PV) (E),  immunopositive neurons in CA3 area of ventral hippocampus. Density of CB, 
CR, or PV immunopositive neuron contacted by PHA-L immunopositive en passant and 



























Figure 6: Mossy fiber projections from the detent gyrus in the temporal part of dorsal 
hippocampus shown by PHA-L immunopositive staining with CVA counterstaining (A, B, 
C) or PHA-L double-labeling with calbindin (CB) (D), calretinin (CR) (E), or 
parvalbumin (PV) (F),  immunopositive neurons in CA3 area of ventral hippocampus. 
Density of CB, CR, or PV immunopositive neuron contacted by PHA-L immunopositive 




























Figure 7: Mossy fiber projections from the detent gyrus in the ventral hippocampus 
shown by PHA-L immunopositive staining with CVA counterstaining (A, B) or PHA-L 
double-labeling with calbindin (CB) (C), calretinin (CR) (D), or parvalbumin (PV) (E),  
immunopositive neurons in CA3 area of ventral hippocampus. Density of CB, CR, or PV 
immunopositive neuron contacted by PHA-L immunopositive en passant and terminal 




























Figure 8: Mossy fiber projections from the detent gyrus in the temporal part of dorsal 
hippocampus shown by PHA-L immunopositive staining with CVA counterstaining (A, B) 
or PHA-L double-labeling with calbindin (CB) (C), calretinin (CR) (D), or parvalbumin 
(PV) (E),  immunopositive neurons in CA1 area of ventral hippocampus. Density of CB, 
CR, or PV immunopositive neuron contacted by PHA-L immunopositive en passant and 



























Figure 9: Mossy fiber projections from the detent gyrus in the ventral hippocampus 
shown by PHA-L immunopositive staining with CVA counterstaining (A, B) or PHA-L 
double-labeling with calbindin (CB) (C), calretinin (CR) (D), or parvalbumin (PV) (E),  
immunopositive neurons in CA1 area of ventral hippocampus. Density of CB, CR, or PV 
immunopositive neuron contacted by PHA-L immunopositive en passant and terminal 




























Figure 10: Quantitative study shows the changes of the ratio of the anterior-posterior span 
of PHA-L immunopositive fibers to the anterior-posterior span of the dentate gyrus from 
the septal part (A), and temporal part (B) of dorsal hippocampus, and ventral 
hippocampus (C) in the experimental groups compared to the control group. *P<0.05, 






























Figure 11: Mossy fiber projections from the detent gyrus in ipsi- and contra-lateral 
hippocampus from DG in the septal part of the dorsal hippocampus (A-F) labeled by 
PHA-L immunopositive staining with CVA counterstaining. The ratio of the anterior-
posterior span of PHA-L immunopositive fibers in different layers of the dentate gyrus to 
the anterior-posterior span of the dentate gyrus in the septal part of the dorsal 
hippocampus (G) is changed significantly. *P<0.05, **P<0.01, ***, P<0.001. GCL, 


























Figure 12: Mossy fiber projections from the detent gyrus in ipsi- and contra-lateral 
hippocampus from DG in the temporal parts of the dorsal hippocampus (A-L) labeled by 
PHA-L immunopositive staining with CVA counterstaining. The ratio of the anterior-
posterior span of PHA-L immunopositive fibers in different layers of the dentate gyrus to 
the anterior-posterior span of the dentate gyrus in the temporal part of the dorsal 
hippocampus (M) is changed significantly. *P<0.05, **P<0.01, ***, P<0.001. GCL, 


























Figure 13: Mossy fiber projections from the detent gyrus in ipsi- and contra-lateral 
hippocampus from DG in the ventral hippocampus (A-Q) labeled by PHA-L 
immunopositive staining with CVA counterstaining. The ratio of the anterior-posterior 
span of PHA-L immunopositive fibers in different layers of the dentate gyrus to the 
anterior-posterior span of the dentate gyrus in the ventral hippocampus (R) is changed 
significantly. *P<0.05, **P<0.01, ***, P<0.001. GCL, granule cell layer; I/M/OML, 



























Figure 14: Calretinin immunostaining shows dense CR immunopositive band in the inner 
molecular layer of the dentate gyrus in the septal (A) and temporal (E) parts of the dorsal 
hippocampous and in the ventral hippocampus (H). In the hippocampus with Type 1 
neuronal loss, Calretinin immunostaining becomes weaker in the septal (B), temporal (F) 
parts of the dorsal DG, and in the ventral DG (I). In the hippocampus with Type 2 
neuronal loss, Calretinin immunostaining almost disappears due to the loss of CR 



























Figure 15: When CTB is injected into the CA3 to retrogradely label CB neurons in the 
GCL of the hippocampus, double-labeled CTB and CB immunopositive neurons are 
demonstrated in both the control mice (A brown and B yellow) and epileptic mice of with 






























Figure 16: When CTB is injected into the dorsal DG to retrogradely label CR neurons in 
the hilus of the ventral hippocampus, double-labeled CTB and CR immunopositive 
neurons are demonstrated in both the control mice (A yellow) and mice with type 1 






































Figure 17: Electron microscopic photograph shows PHA-L immunopositive axon 
terminals in CA3 area of the temporal part of the dorsal hippocampus in the control (A, B, 
C) and experimental mice with Type 2 neuronal loss (D, E, F). Note that in the control 
mice, typical large PHA-L immunopositive axon terminals (A, B) surrounded by 
multilobulated spines with asymmetric synapses, are found in CA3 area. Whereas in the 
same area they almost disappear in experimental mice with Type 2 neuronal loss. In this 
group of mice, only small PHA-L immunopositive axon terminals with asymmetric axons 


























Figure 18: Long-term EEG and video monitoring indicate that the frequency of epilepsy 
occurrence in mice at 2 months after pilocarpine induced status epilepticus was 
0.71±1.01/per day in Type 1 and 0.43±0.49/per day in Type 2 (P>0.05; Fig. 6A). No 
significant difference is observed. However, when the ratio of SRS occurring day to the 
total recording days was calculated, mice with Type 1 neuronal loss show significantly 
more days (ratio=0.40±0.13) to have epilepsy than that in Type 2 (ratio= 0.23±0.10) 



























Figure 19: Reorganization of associational/commissural projections of the dentate gyrus. 
In the control group, the associational / commissural projections from the dentate gyrus 
projects to both ipsi- and contra- lateral sides of the entire dentate gyrus of the dorsal and 
ventral hippocampus. In the experimental mice at 2 months after PISE, the patterns of 
associational / commissural projections from the septal and temporal parts of the dorsal 
hippocampus are similar in mice with the two types of neuronal loss. However, they are 
different in the ventral hippocampus, where, associational / commissural fibers almost 
disappear in mice with Type 2 neuronal loss, but remain in Type 1 group. 
Note that the associational / commissural projections from segments of hippocampus are 
indicated in different colors: red, septal part of dorsal DG, green: temporal part of dorsal 























Table 1. Coordinates for PHA-L or CTB injection  










DG D-V 2 
A-P 2.3 2.3 




DG D-V 2 1.7 
A-P 4 4 
M-L 2.9 3.1 Ventral DG 
D-V 3 3 
























Table 2. The sizes of PHA-L or CTB injection sites and the number of mice used for 
double immunostaining 
 Number 













Control 0.38±0.04 0.647±0.06  20 N/A 3 17 PHA-
L Experiment 0.35±0.04 0.634±0.07  46 4 11 31 
Control 0.37±0.03 0.65±0.08 18 N/A 4 14 
CTB 
Experiment 0.36±0.04 0.67±0.08  45 5 6 34 
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